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1 Abstract 
The roller milling machine is one of the most common machines used to process 
animal feedstock. The rollers in milling machines are made of mild steel. Recently, 
polymers have become a very attractive candidate as an alternative to the conventional 
metallic materials. Metal rollers, when used in milling equipment, have inherent 
issues, some of which may be overcome by coating them with a polymeric layer.  
The primary objective of this study is to investigate the potential for coating the metal 
rollers in agricultural milling machines with a polymeric layer using epoxy material 
with nano-clay additives to improve the quality of the milled product and milling 
performance. This work is divided into two stages: In stage 1, the main important 
mechanical properties that is compatible with the main forces in roller milling machine 
when nano-clay epoxy composite is used as a coating layer for rollers surfaces.  
A compressive testing of sorghum seeds was used to determine the maximum load for 
seed breakage and changing morphology. The compressive test of different 
percentages of nano-clay epoxy composites was tested as well. Also, tensile testing 
was conducted for adhesive mild steel single lap joints using an epoxy resin with 
different concetreations of nano-clay additives. Moreover, the compressive load of 
sorghum seeds on nano-clay epoxy composite materials as a coated layer over mild 
steel material was tested. These tests were performed on different percentages of  
nano-clay additives with epoxy starting from (0, 1, 2, 3, 4 and 5wt. %). Tribological 
tests were also used to study the effect of different loads and particle sizes as a three 
body abrasive (3BA) with epoxy and polyester by using block on ring technique. 
Optical microscopy and scanning electronic microscopy (SEM) was used for all  
Stage 1 experiments to study the morphological change in the surface of the materials.  
In this stage, the results revealed that fluctuating loads were recorded as a result of the 
nature of the sorghum seeds and the different fracture mechanism observed. Stress 
increased with a reduction in strain rate in compression test as the nano-clay proportion 
increased in the epoxy material with greater fracture mechanism. In single lap joints 
testing of two weight percentage of nano-clay epoxy composite with mild steel, 
 the tensile loading of the composite was shown to be enhanced and the fracturing 
mechanism was shown to be reduced. This performance was superior to all other  
nano-clay percentages. The rollers coated layer with two weight percentage of nano-
clay epoxy composite coating over mild steel material recorded an acceptable 
deformation and less fracturing compared with other proportional nano-clay with 
epoxy material when compressed by sorghum seeds. For the tribology tests, the epoxy 
material revealed a lower wear rate and fracture mechanism compared to polyester 
material when epoxy and polyester were tested under different loads and sizes of 
abrasive particle.   
In Stage 2, (0wt. %) of nano-clay in epoxy matrix and the optimum percentage of  
nano-clay epoxy composite (resulting from Stage 1) was used as a coating material for 
mild steel rollers in a milling seed machine. The study investigated the influence of 
the coating process on the surface characteristics of the roller corrugation in terms of 
roughness profile and its effect on feedstock quality (physical properties of milled 
sorghum seeds), and milling performance (bulk density, power consumption and 
production rate). These composites, as a coated layer, were examined with a roller 
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milling machine under two types of coated materials (0wt. % and 2wt. % nano-clay 
epoxy composite), three levels of roller speed (533, 777 and 980 rpm) and five levels 
of roller gaps from (0.25 – 0.35 mm) to (0.65 – 0.75 mm). The results were compared 
with the uncoated rollers under the same parameters. In addition, statistical analysis 
was performed, using SAS software, to determine the significance of the operating 
parameters and their impact on the quality of the milled feedstock and milling 
performance. After testing, scanning electron microscopy (SEM) was used in  
(Stage 2) to examine the fracture mechanism of the sorghum.  
The roughness of the roller surface was enhanced with epoxy coating with (0wt. %) or 
(2wt. %) of nano-clay epoxy composite compared to uncoated rollers before and after 
milling. In addition, the results showed that (2wt. %) of nano-clay epoxy composite 
gave an improved results in geometric mean diameter, specific surface area increase 
and the number of particles, as well as enhanced bulk density with a reduction of the 
production rate with an increase in power consumption compared with rollers coated 
with (0wt. %) of nano-clay epoxy composite and the uncoated rollers. Moreover, the 
rollers coated with (2wt. %) of nano-clay epoxy composite generated brittleness 
behaviour fracture of crashed sorghum seeds as well as less distortion compared to 
(0wt. %) of nano-clay composite due to presence of nano-clay particles which was the 
reason for high good quality feedstock and improvement in milling performance. 
Epoxy material with (2wt. %) of nano-clay improved the feedstock quality of milled 
sorghum when used as a coated layer on roller surfaces due to its remarkable 
mechanical properties (compression testing, tensile testing as a adhesion material, 
resistance to fracture as a coated layer on mild steel when compressed by sorghum 
seeds and in tribology testing) and contributed to changing the main dimensions of the 
corrugations in the rollers.  
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1 Chapter 1: Introduction 
1.1 Introduction  
In agricultural applications, the roller mill machine is one of the most common and 
important machines for animal feedstock processing. It is used in preparing feedstock 
such as wheat, sorghum, soybean and corn for animal husbandry. Processing  
the feedstock is essential for some kinds of animals such as pigs and poultry so that 
these animals with simple digestive systems can fully utilise the potential of their feed 
ration. The primary processing method for feed grains is the milling process. This 
operation increases the surface area exposure of the milling product which is resulting 
in animals, especially pigs and poultry, obtaining better feed conversion efficiencies.  
Traditionally, rollers are the main part of the milling machine which determine  
the quality of the final milled product according to the specific design of the 
corrugations on their surface. They are made of mild steel. Metal rollers, when used in 
milling equipment, have inherent issues such as wear and corrosion. One of the 
solutions to overcome wear and corrosion is replacing rollers with rollers coated with 
polymeric material. During their harsh work, the roller surfaces are subjected to wear 
from three body abrasion loading against the seeds (as third particles) in the interface, 
especially when they interact with other parameters in the milling machine such as 
roller speed and the gap between the rollers.  
Polymers have recently become a very attractive candidate as an alternative to  
the conventional metallic materials. Polymers have many advantages over metals, i.e. 
low weight, easy to form, and comparable wear performance. The use of polymers, 
especially thermoset, will increase tremendously in the coming years as suggested 
(Mishra et al. 2003; Mohanty, Misra & Drzal 2001). 
Epoxy has several advantages over other types of polymers, i.e., relatively low weight, 
supersize stability, outstanding mechanical properties, and low shrinkage with 
excellent dimensions when it is cast in mould. As a result of its features, epoxy has 
been used in industrial applications such as coating, adhesive, electronic and 
aerospace. To increase the mechanical properties of epoxy, nano-clay has been found 
to be an important additive to the matrix. The global nano-composite market’s  size is 
expected to reach $30 billion in 2020 (Freedonia 2005). The nano-clay composite’s 
market share is rapidly increasing because relatively cheaper to account for almost 
25% by the volume of total nano-composites usage with polymers (Zhao et al. 2006). 
In addition, nano-clay fillers have been found to be promising reinforcements for 
polymeric composites due to the heat resistance, dimensional stability, and ease of 
manufacturing. 
In light of the above, the current study is motivated to fully investigate the possibility 
of using nano-clay epoxy composite, under different percentages, as a coating material 
for the rollers surfaces in milling machines. Additionally, the study also aims to 
analyse the effect of the nano-clay epoxy composite coating on the rollers containing 
different proportional of nano-clay epoxy composites on the quality of milled product 
and performance of milling machine. Also studied, were two mechanical properties 
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(compatible with the main forces for rupturing seeds in roller milling machine) under 
different percentages of nano-clay epoxy composites. 
 To investigate the strength of the adhesive properties of nano-clay epoxy composite 
as a coated layer on rollers mild steel, single lap joints of mild steel were used to 
investigate the adhesive strength by using different proportions of nano-clay epoxy 
composites layer. Three body abrasion tribological performance of epoxy was studied 
and compared with polyester material at different applied loads and particle sizes to 
test the epoxy durability in three-body abrasion. The optimum nano-clay percentage 
in epoxy matrix used as a coated layer on the surface of the rollers was determined. 
The optimum nano-clay epoxy composites were tested as a coated layer on the surface 
of rollers in milling machine at different rotational speeds of rollers and gap between 
the rollers. The quality of the milled product (sorghum) in terms of geometric mean 
diameter, specific surface area increase, number of particles per sample and geometric 
standard deviation as well as milling performance was studied for coated and uncoated 
rollers. Bulk density, power consumption and production rate were considered in the 
comparison of the coated and uncoated rollers. Moreover, the roughness of the coated 
layer of different nano-clay epoxy composites was also investigated before and after 
the milling test.  
1.2 Objectives 
The primary objective of this study is to investigate the potential of epoxy material and 
its nano-clay composites as a coated layer on the metal rollers in agricultural roller 
mill machines.  This will be achieved by undertaking the following objectives:   
1. To study the tribological performance of epoxy polymer under three body 
abrasion load against different particles sizes 
2. To determine the optimum nano-clay content in epoxy composites to achieve 
high quality crushed agriculture grains. This will be investigated at different 
stages, i.e. compressive properties, adhesion properties of composites with 
metal, and the effect of compressing the seeds on a coated layer of composite 
3. To determine the fracture behaviour of the sorghum seeds, a compression test 
will be used to investigate the average maximum load to fracture sorghum 
seeds, that test will assist in understanding the fracture mechanism behaviour 
of sorghum seeds 
4. The effect of coated layer of nano-clay epoxy composites on fracture behaviour 
of the sorghum seeds will be determine by compressing sorghum seeds against 
a coated layer of nano-clay epoxy composites 
5. The influence of rollers, surfaces coated by different percentage of nano-clay 
epoxy composites on the quality of the milled seeds and milling performance 
will be investigated by geometric mean diameter, specific surface area 
increase, number of particles per sample, bulk density and production rate 
6. The effect of replacing the metal rollers with coated nano-clay epoxy 
composites on the power consumption of the commercialized roller mill 
machine will also be studied.  
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1.3 Project significances and outcomes  
This study focuses on three major areas: mechanical properties of the material, 
tribology and animal feedstock production. From a mechanical properties point of 
view, compression and a single lap joints testing were used to determine  
the compressive and adhesive qualities of the nano-clay epoxy composites. This study 
will contribute significantly to the science of polymeric composites by determining the 
optimum amount of nano-clay and demonstrating the failure mechanisms of the 
composite under compressive and shear loading conditions.  
With regard to the tribological study in this project, three body abrasion on mild steel 
against agricultural seeds has not been explored by other researches. The current study 
comprehensively addresses the impact of three body abrasion by sorghum seeds on 
mild steel materials under different speeds (533, 777 and 980 rpm) and rollers gaps 
from (0.25 – 0.35 mm) to (0.65 – 0.75 mm) in a roller milling machine.  
From an animal feedstock production perspective, the fracture mechanisms of the seed 
due to the three body abrasive, milling and compressive loading conditions are 
investigated using different material composites, considering different coating 
materials (uncoated mild steel, coated mild steel with 0wt. % nano-clay with epoxy 
composite, and coated mild steel with 2wt. % nano-clay with epoxy composite). In 
addition, this work studies the quality of the feedstock produced by the roller milling 
machine.  
The outcomes of this study will contribute to the engineering sciences and  
the agricultural machinery industries. Specifically, the main outcomes are as follows:   
 An optimum amount of nano-clay must be determined for each loading 
condition. The outcome of this study identifies that the increase in the amount 
of nano-clay over 2wt. % in epoxy composite, increases the compressive 
strength, however, the adhesive characteristics deteriorate . Therefore,  
the outcome of the study proposes that 2wt. % nano-clay in epoxy composite 
is the optimum percentage for the epoxy composites for compressive and 
adhesive properties  
 Determination of the optimum nano-clay epoxy composite as a coated layer on 
roller surfaces, which will enhance the interfacial adhesion, may extend the life 
of roller surfaces.  
 The tribological results of the epoxy material exhibited better wear 
performance and fracture properties compared to the polyester material under 
the three-body abrasive (3 BA) loading conditions. This finding will be 
beneficial to researches interested in material composites study. At the same 
time, the animal feedstock production industry is looking for alternative 
materials to replace metals in numerous applications, the epoxy tribology test 
results will improve production quality and quantity of the feedstock industry.  
 Using the nano-clay epoxy composite coating technique on the milling 
machine rollers, by changing the main dimensions of roller corrugations, will 
contribute to enhancing the quality of the feedstock.  
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 The quality of milled feedstock improved with the addition of 2wt. % nano-
clay in epoxy composite when used as a coated layer on roller surfaces 
compared to the conventional rollers. When the mill machine operated with the 
new rollers, the improvements in the feedstock were approximately 3% and 
4% decrease in bulk density and geometric mean diameter respectively, as well 
as 83 % and 82 % increase in surface area increase and number of particle per 
sample respectively. These outcomes may contribute to improve in meat, milk 
and egg production.  
Publication of two articles in high quality international journals and one conference 
paper. In addition, after completion of the work, two articles will be written for 
publication in international journals. 
1.4 Organisation of the thesis 
The thesis contains six chapters, as shown in the layout of Figure 1.1. Chapter 1 
presents a brief introduction to the importance of roller milling and the main challenges 
in using the roller milling machine. In addition, the important properties of epoxy 
material and nano-clay additive’s benefits in industrial application are introduced. 
Chapter 2 provides the literature review on the main important factors in roller milling 
machine operation. In addition, the effect on the mechanical properties of sorghum 
seeds, epoxy material, nano-clay additives and their applications. It presents the 
recently reported relevant background information for mechanical and tribological 
application which are compatible with the main forces in roller milling machine.  
The merits, limitations and arguments related to the effect of nano-clay additives on 
the mechanical performance of the epoxy matrix under various loading conditions are 
presented.  
Chapter 3 describes the methodology; covering the material selection (sorghum seeds 
and polymers) and manufacturing processes, as well as the experimental procedures 
of the mechanical, tribological testing and milled seeds by rollers coated with  
the optimum percentage of nano-clay epoxy composite as well as coated rollers with 
pure epoxy, and comparing these coated experiment with uncoated rollers.  
Chapter 4 covers the mechanical property of sorghum seeds and the influence of the 
different percentages of nano-clay additives on the mechanical properties, 
compression, adhesives properties and compression of sorghum seeds against  
the coated layer of nano-clay epoxy composites on steel material. Different weight 
percentages of nano-clay epoxy composites are discussed from mechanical 
perspectives to gain the optimum weight of the nano-clay epoxy composite to be used 
as a coated layer on the surface of rollers in milling machines.  
In Chapter 5, the results and findings of the tests conducted on different percentages 
of nano-clay epoxy composites as a coated layer on the surface of rollers with different 
levels of operating parameters in the milling machine, and a study of their effect on 
the quality of the final milled sorghum and milling performance of roller milling 
machine are presented. Chapter 6 concludes with the findings of this thesis and 
provides recommendations for future work. 
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2 Chapter 2: Literature Review 
2.1 Introduction  
This chapter provides a review of relevant literature on sorghum seeds, agricultural 
roller milling machines, the quality of the product obtained from the milling process, 
exposure of milling machines to tribological loading and seeds crops under milling 
loading conditions. In addition, it presents a review of polymers and their recent 
applications, nano-composites, the adhesive strength of polymers and metal, metal 
coating with nano-composites and three body abrasive characteristics of polymers and 
finally, the main points extracted from the literature and recommendations for this 
research.  
2.2 Brief background on sorghum 
Sorghum (Sorghum bicolor (L) Moench) is the fifth most important cereal crop in  
the world (Léder 2004). In the north-eastern of Australia (Queensland), sorghum is  
the main dryland crop in production. In last decade, the sorghum market has converted 
from principally export oriented to mainly domestic. Sorghum is exclusively used to 
feed animals especially, cows, bullocks, poultry, dairy cattle and pigs (Hafi & 
Rodriguez 2000). The estimated average sorghum production according to Australia 
crop forecasters reached about 1.6 million ton in 2013 (Gregor 2014). Sorghum is  
a good rotation crop and sustains heat and moisture stress. Planting time usually varies 
from September to January depending on planting rains and soil temperature. The crop 
requires a warm summer growing period of 4 – 5 months and drying of 13 – 14 % of 
the moisture content after harvesting for long-term storage. The sorghum kernel is 
close to a spherical shape and consists mainly of endosperm, embryo and pericarp 
(Frederiksen & Odvody 2000; Queensland Government 2011).  
2.3  Agricultural roller milling machine  
One of the most common techniques in feedstock production is the milling process 
where the seed size is reduced to that required by animal livestock through different 
mechanical loadings to crush the seeds. Particle size is reduced through the use of 
milling machine. In industry, several types of milling machines are used, e.g. beater 
mills, tooth disk mills, hammer mills and roller mills. To obtain the proper reduction 
in particles size, a mill machine can be operated under different conditions and with 
different variables (Amerah et al. 2007a; Mateos-Salvador, Sadhukhan & Campbell 
2011; Ngamnikom & Songsermpong 2011; Svihus et al. 2004). One of the most 
popular milling machines used to prepare animal feedstock is the roller milling 
machine (Froidmont et al. 2008; Richards & Hicks 2007; Svihus et al. 2004; Valencia 
et al. 2009).  
The roller mill machine consists of two cylindrical steel rollers rotating in opposite 
directions at different speeds. One of the rollers is adjustable to vary the clearance 
between the one of the rollers corrugation and the other roller. The principle of roller 
milling machines is based on rupturing the seeds to the desirable size through impact, 
shear and compressive loadings so that, the seeds are ruptured by compression force if 
the differential speed between the rollers is the same (1:1) Figure 2.1  (Chakraverty & 
Paul 2001; Hauhouot et al. 1997; Wang, Koutinas & Campbell 2007).  
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Figure 2.1: Schematic diagram of roller milling machine 
 These forces in turn damage the corrugations in rollers by developing tribological 
loading in the interface between the rollers causing material removal from  
the corrugations. In other words, as the seeds are undergoing rupturing process,  
the corrugations are simultaneously subjected to the wearing process. In roller mill 
machine, the quality of the feedstock (milled seed size) depends on the roller 
corrugation geometry, gap between the rollers, roller speed, and feed gate distance 
(Costa et al. 2007).  
In conventional roller design, the corrugation moves in position parallel to the axis of 
the rollers. In addition, the angles of the corrugation determine the quality of final 
milling feedstock. The corrugation kind depends on two angles, cutting and rear angles 
(Figure 2.2) together with the position of the corrugations and speed of rollers 
determines the quality of feedstock. The large cutting angle causes the material to be 
crushed into the flour product while, the small cutting angle produces the cutting effect 
from the corrugation which mills coarse particles (Meuser 2003; Posner 2003). 
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Figure 2.2: Corrugation of a milling roller (Meuser 2003) 
Roller mills rupture the seeds with lower energy consumption per ton 
 (Nir, Melcion & Picard 1990), make less noise and create less dust during the milling 
process than other types of mills (Heimann 2002) . In addition, a finer milled product 
can be achieved by adjusting roller speeds and gaps. Roller machines also generate 
lower temperatures on the roller surface during milling compared with other types of 
milling machines (Posner & Hibbs 2005; Prabhasankar & Rao 2001). The reduction 
of particle size in milling machines is inversely correlated to energy consumption. 
(Dziki 2008; Mani, Tabil & Sokhansanj 2004; Sudhagar, Lope & Shahab 2002).  
The power consumed by roller milling machines depends on a number of variables 
such as roller speed, roller gap, roller surface type and feed rate. Moreover, seeds type 
and moisture content are the main variables in power consumption through the milling 
process (Fang et al. 1998; Guritno 1992). 
Researchers have attempted to extend the life of roller mills, enhance product quality 
and reduce the energy consumption by adjusting operating parameters such as feed 
rate, roller diameter, number of grooves on rollers per centimetre, roller surface type,  
gap between rollers and the roller speed differential (Baltensperger & Linzberger 
1993; Dziki & Laskowski 2004; Fang et al. 1998; Fang et al. 1997b; Fang et al. 2000; 
Haque 1991). Besides reducing the cost of the energy required to run a roller mill 
machine, reducing the maintenance cost of the machine will have also impact on  
the economics of agriculture industries (Mohan, Natarajan & KumareshBabu 2011; 
Stark 2007; Walker & Eustace 2004).  
There have been a number of studies investigating roller milling machines with 
different types of grains (Bayram & Öner 2007; Chakraverty & Paul 2001; Edwards, 
Osborne & Henry 2008; Yıldırım, Bayram & Öner 2008a). These studies were carried 
out to emphasize on the quality of the product and the energy consumption of  
the machine. Ziggers (2001), Heimann (2002) and Reuscher (2009) have found that 
the harsh work of rollers affect the rollers life and the product quality. The rollers 
through their working, rupture the grains by compressive and shearing action.  
These operations consume the roller’s corrugations due to the wear process and that is 
reflected in the quality of the product and machine efficiency.  
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Fang et al. (1997b), Fang et al. (1998) and Pasikatan et al. (2001a)  reported that  
there is no significant effect of feed rates on geometric mean diameter and specific 
surface area for crushed grain when mixture of hard red winter wheat is used. 
However, rotational speed of the rollers was shown to have a pronounced influence on 
the quality of the product and the energy consumption of the machine. In contrast, 
when more shearing action was applied to the material being ground, a finer particle 
size was produced at a higher roller speed differential. These results are in agreement 
with other published works (Pasikatan et al. 2001b; Wolff 1958). The gap between 
 the rollers significantly effects the energy consumption of mill machines and the size 
of ground grain resulting from the milling operation (Fang et al. 2000; Pasikatan et al. 
2001a; Pasikatan et al. 2001b; Yıldırım, Bayram & Öner 2008a). The shorter the gap, 
the higher the cost of the maintenance due to the wear process, so it was recommended 
that the roller gap be studied (Ziggers 2001). The characteristics of the ground particles 
(the size of crushed grain) are determined by the type, size, and pitch of the corrugation 
on the surface of the rollers (roll geometry) (Bayram & Öner 2007; Chakraverty & 
Paul 2001; Yıldırım, Bayram & Öner 2008a; Ziggers 2001). Most corrugation types 
of  rollers are sawtooth, which is used for granular and coarse particles such as wheat 
and sorghum (Haque 1991; Yıldırım, Bayram & Öner 2008a).   
2.3.1 Quality of the product from milling process  
From an industrial point of view, wheat, barley and sorghum are considered to be the 
main source of animal feedstock (Barekatain et al. 2013; Eastridge & Firkins 2011; 
Liu, Selle & Cowieson 2013; Wood et al. 2011). Seeds used in animal feedstock are 
normally milled before being fed to the animals. This operation (known as particle size 
reduction) ruptures the outer seed coat and exposes the endosperm, which is then 
fractured into fine particles (Amerah et al. 2007b; Wang & Jeronimidis 2008). Some 
animals, such as pigs and poultry, have short simple digestive systems when compared 
with cattle and horses (Reid 1990). 
The quality of the animal feedstock is essential for the production of the animals in 
term of meat, milk, eggs…etc. The quality of the animal feedstock is mainly controlled 
by the equipment used for grinding the seeds such as wheat, barley and sorghum. For 
example, particle size of the ground seeds controls the digestibility of cereal seed in 
rumen (Al-Rabadi, Gilbert & Gidley 2009; Stewart & Slavin 2009), which in turn 
affects the production cost (Garg et al. 2013; Pathumnakul et al. 2011).  Cabrera et al. 
(1994a), was reported that there is an increase in egg production by about 7 % for soft 
sorghum and 3 % for hard sorghum when the feedstock quality improved by reducing 
the size of the milled seeds from 1.0 mm to 0.4 mm. Furthermore, it has been found 
that there is an improvement in the weight gain of chickens when they have been fed 
with small milled sorghum compared to the large. Improvement was found to be 9.2 
% when the seeds size reduced from 1000 µm  to 400 µm (Cabrera 1992). Particle size 
reduction also increases the surface area per unit mass resulting in an increased number 
of particles. It also enhances digestion, improving the growth efficiency of animals 
(Al-Rabadi, Gilbert & Gidley 2009; Kim, Mullan & Pluske 2005; Mavromichalis et 
al. 2000; Stewart & Slavin 2009).  
2.3.2 Exposure of milling machine to tribological loading  
Tribology is the science that studies the wear, friction and lubrication between two 
loaded bodies moving in relative motion (Bourithis & Papadimitriou 2005). Wear can 
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be divided into many types such as adhesive, abrasive and fatigue. Abrasive wear is a 
result of hard particles and hard protuberances being forced against and move along a 
solid surface. Abrasive wear contributes to almost 63 % of the total cost of wear 
 (Neale & Gee 2001; Yousif & El-Tayeb 2010). In addition, wear failures occurring in 
industries reach more than 50 % due to the abrasive wear and leads to premature failure 
in engineering components (Sapate et al. 2008).  
The abrasive wear process is divided into two modes known as three-body and  
two-body abrasions (3BA and 2BA). A distinction is made between the two types in 
which the presence of the third body is situated between the rubbing surfaces in three 
body abrasion. This type of wear occurs under either high or low stress depending on 
the failure of the abrasiveness, i.e. it is high stress when the failure occurs on  
the abrasiveness (third body particle). In practical applications, three-body abrasion is 
far more widespread than the two-body abrasion (Chand, Naik & Neogi 2000; 
Shipway & Ngao 2003). 
The three body abrasion loading in the roller mill machine can be illustrated as shown 
in Figure 2.2. It has been found that rollers in milling machines are subjected to three 
body abrasion loading during operating conditions. Mathew et al. (2008), Sapate et al. 
(2008) and Harlin & Olsson (2009) reported that applied load, velocity of rollers, and 
abrasive particles size all influence the tribological performance of the roller. 
Increasing the applied load increases the material removal from the rubbing surface 
due to the high pressure subjected by the abrasives onto the rubbing surface 
 (Pihtili & Tosun 2002). The high velocity increases the abrasiveness energy which 
causes high damage on the rubbing surface. Regarding the effectiveness of 
abrasiveness size on the wear behaviour of the material, it has been found that large 
size particles cause more damage to the surface of the material, i.e. high removal of 
material (Harlin & Olsson 2009; Yousif, Nirmal & Wong 2010). This is mainly due to 
the pressure distribution on the particles, i.e. when the particles are in small sizes the 
pressure is distributed evenly and there is no high stress concentration on the surface. 
But, in large sized particles, the stress subjected by the particles on the surface is 
greater which in turn causes pitting, fracture and macro-cracks on the rubbing surfaces 
(Mohan, Natarajan & KumareshBabu 2011).  
Luo et al. (1993) investigated the wear mechanism and stress conditions of steel roller 
mills caused by wheat processing. In that work, plastic fatigue and multi-impact 
fatigue wear in the matrix and brittle spalling were the predominant wear mechanisms 
on the roller leading to the teeth cutting at severe conditions (high speeds and fewer 
gaps). Edwards, Osborne & Henry (2007) studied the effect of moisture content in 
wheat on the crush-response profile (crush quality) measured using the single-kernel 
system. Three body abrasive configurations were used in that work, i.e. the wheat 
seeds passed a through crushing rotor against a fixed plate (a similar mechanism to  
the tribological machine). Studying two crush mechanisms provides more reliable 
findings for fine fragmentation in the case of hard wheat (low moisture content) and 
squeezing in the case of soft wheat (high moisture content). 
2.3.3 Seed crops under milling loading conditions  
The design of equipment requires knowledge of raw cereal’s characteristics, and 
operation parameters for milling machine. The great variety of shapes and dimensions 
of plant seeds offer good opportunities for their use as experimental materials in  
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the investigation of mechanics of particulate materials (Rooney 2003; Wiącek et al. 
2012). Seeds breakage to reduce particles size, which is the important part for 
preparation animal feedstock, depends on properties such as hardness, size and shape; 
in addition to the design and operational parameters of the milling machine. First 
breakage in seeds represents the important stage in particle size reduction 
 (Campbell, Fang & Muhamad 2007; Campbell et al. 2012). Seed hardness is one of 
the important physical properties that can control the fracture and distribution of seed 
particles in milling machine, and can be measured by using methods such as the 
compression test method (Dobraszczyk et al. 2002).  
The hardness of cereal grains such as Sorghum, is an essential factor in  
the determination of the quality of the milled product (Muhamad & Campbell 2004; 
Mwithiga & Sifuna 2006). During milling by roller milling machine, cereal kernels 
behave differently. For example in soft wheat kernels, fracturing occurs through the 
content of endosperm cell, whereas in hard wheat kernels fracturing occurs through 
the shattering of large angular pieces into fine particles (Hoseney, Wade & Finley 
1988; Pomeranz et al. 1988). In compression tests, the stress- strain curve of seeds 
shows a clear behaviour of  deformation in terms of elastic and plastic regions;  
the seed in the initial stage of deformation has elastic properties that gradually cause 
an increase in the internal pressure in the seeds until sudden plastic failure occurs 
(Dobrzański & Stępniewski 2013; Glenn et al. 1991; Mwithiga & Sifuna 2006).  
One of device that can be used to measure grain hardness based on the force 
requirement for rupturing the grains is (Model 174886, kiya seisakusho ITd. Tokyo, 
Japan). In this, the test is performed by placing the grain sample on the sample holder 
in its natural resting position, steadily increasing the pressure until the kernel shatters 
(Mwithiga & Sifuna 2006). A single-kernel system (SKCS) device has been used to 
achieve the hardness and size of crushed kernels (Muhamad & Campbell 2004). 
Compression testing of several cereal seeds have been studied by different means and 
by many researchers. Ponce-García et al. (2008) investigated the hardness of different 
wheat cultivars with different levels of moisture content starting from 9.3 % to 22.5 % 
using compression test technique. The results showed that the modulus of elasticity 
and compression force in bread wheat kernels decreased from 394.8 MPa and 58.09 N 
in 9.3 % moisture content to 99.2 MPa and 23.21 N in 22.5 % moisture content 
respectively. In addition, the variety in wheat cultivars contributed to a change in  
the modulus of elasticity from 232.2 – 308.5 MPa in soft wheat (Saturno, Salamanca 
and Cortazar), 321.5 MPa in bread wheat (Rayon) and 438.7 – 485.8 MP in durum 
wheat (Altar, Sofia and Rafi). Compression force decreased from 78.9 MPa in durum 
wheat to 40.1 MPa in soft wheat, this could have resulted from a difference in 
dimensions and size with different levels of moisture content between the whole 
kernels.  
These observations were qualitatively similar to those reported by Babić et al. (2011)  
as well as  Hemery et al. (2010) who examined the influence of wheat bran (pericarp) 
moisture content on the mechanical properties of a whole bran layer (outer pericarp, 
intermediate layer, aleurone layer) and breakage behaviour during fractionation 
processes. They reported that an increase in moisture content level above 16 % led to 
increase in the elongation and the breakage behaviour was at one location on pericarp. 
However, below 16 % moisture content, the pericarp was broken at different locations. 
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These changes in fracture behaviour could be due to a different behaviour of bran 
tissues with all its layer when humidified or dried.  
With sunflower seeds,  Gupta and Das (2000) studied the effect of different levels of 
moisture content and loaded orientation on the fracture resistance of the whole 
sunflower seed (Helianthus annuus L.) by using the compression test method.  
This work found that increasing moisture content from 4 % to 20 % led to a decrease 
in the force required to rupture the whole sunflower 65.2 – 35.3 N in both orientations 
of load (vertical and horizontal). This might be due to a gradual change in the integrity 
of the cellular matrix of kernels with different moisture content levels. Several authors 
have reported that differences in composition and structure of the different bran layers 
of cereal may be responsible for their different mechanical properties 
 (Antoine et al. 2003; Greffeuille et al. 2007) when these authors studied the 
mechanical properties of whole bran layers and isolated tissues.   
Mwithiga and Sifuna (2006) studied the effect of four levels of moisture content and 
three varieties of sorghum seed to identify seed hardness and other physical properties. 
They concluded that increasing the moisture content from 13.64 % to 21.95 % db 
resulted in a decreased in sorghum hardness for all three varieties. In addition, 
increasing the moisture content levels caused an increase in the average dimension for 
all three varieties of sorghum seed. These outcomes were due to increased porosity in 
seed structure when moisture content become high.  
In conclusion, the difference in moisture content between seeds affects the hardness of 
the grains. It has been found that a higher moisture content reduces the hardness of the 
seeds which, in turn, affects the milling properties.  
2.4 Polymers and their recent applications  
Thermoset polymers are important materials for use in engineering components 
because of their good mechanical properties compared to thermoplastic polymers.   
Polymers are extensively used for a variety of engineering applications such as 
aerospace, marine and automotive. (Alamri. & Low. 2012; Kim, Park & Lee 2008).  
Polymers have light weight, excellent strength to weight ratios, resistance to corrosion 
(Mohan, Natarajan & KumareshBabu 2011; Pihtili & Tosun 2002). Some components 
such as cams, gears, wheels, brakes, clutches, bearings and agriculture equipment’s 
are exposed to tribological loading (Mohan et al. 2011). Epoxy is found to be the most 
common used polymer in high mechanical and tribological loadings (Chruściel & 
Leśniak 2015; Fiore & Valenza 2013; Suresha et al. 2009; Varga et al. 2010; Yousif 
& El-Tayeb 2010).  
2.4.1  Nano - composites  
Epoxy has been used in many industrial sectors and provides excellent mechanical 
properties when used as adhesive or coating material. However, the epoxy material 
system has poor resistance to crack propagation. In addition,  most epoxy materials are 
very sensitive to environmental exposure, such as temperature and humidity, which 
can cause deterioration (Alamri & Low 2010; Hamed & Bradford 2010; Kim & Kim 
2014; Mirmohseni & Zavareh 2010; Taha et al. 2010) .  
Various reinforcements can be used to enhance the mechanical, thermal and 
tribological characteristics of epoxy composites. For example, glass and carbon fibres 
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exhibited good results for the tribological and mechanical properties of epoxy  
(Mallick 1993; Pihtili & Tosun 2002). The high strength of synthetic fibres with epoxy 
matrix comes from a good interfacial adhesion of the fibre (El-Assal & Khashaba 
2007; Suresha et al. 2007). However, to fabricate materials with increased 
performance, nano-particles come as a common reinforcement material for epoxy. 
There are many examples of nano-particles such as alumina and silica and nano-clay 
(Baskaran, Sarojadevi & Vijayakumar 2011; Kim & Kim 2014; Zhang & Xie 2011).  
Among the different nanoparticles, special attention has been paid to clays in nano-
composites. Nano-clays are set to become one of the most popular nano reinforcements 
for polymers because of their ease of availability, high aspect ratio, high intercalation 
chemistry and low cost. Nano clay-epoxy composites has one dimension in 
 the nanometre range (layered minerals) and offer a wide range of property 
improvements at low filler content such as (< 5wt. %) (Azeez et al. 2013; Ho et al. 
2006; Pavlidou & Papaspyrides 2008).  Moreover, it has been reported that nano-clay 
fillers with polyester, phenolic and epoxy enhance mechanical and tribological 
properties (LeBaron, Wang & Pinnavaia 1999; Shokrieh, Kefayati & Chitsazzadeh 
2012; Wang et al. 2008; Zainuddin et al. 2009). 
Nano-composites can be formed depending on the nature of the components, 
processing conditions and strength of the interfacial interactions between the polymer 
and the layered silicates (modified or unmodified) as shown in Figure 2.3. In a 
conventional composite, the clay particles and the clay layers exist in their original 
aggregated state and prevent the polymer from diffusing between them. An 
improvement in elastic modulus is normally seen in nano- clay reinforced composites 
but with a simultaneous decrease in other properties like strength and toughness. Two 
extremes of nano-composites, exfoliated and intercalated nano-composites, are formed 
if the clay materials are mixed correctly with the polymer. In the exfoliated  
nano-composites, the individual nano-clay layers are separated and randomly 
distributed in the continuous polymer matrix with (a d) spacing of more than 50 A 
whereas, in intercalated nano-composites, the clay layers retain the well-ordered  
polymeric matrix and clay layers with (a d) spacing of 20 – 30 A (Alexandre & Dubois 
2000; Pavlidou & Papaspyrides 2008; Ray & Okamoto 2003; Zeng et al. 2005). 
 The (d) spacing increases with the organic modification of the clay and it further 
increases when  improved by mixing in epoxy resin by means such as mechanical 
stirring (Ho et al. 2006). In other words, after curing, the nano-clay in epoxy 
composites can be provide either exfoliated or intercalated form, where the (d) spacing 
will be increased further for exfoliated structure as found in the case of epoxy  
(5wt. % Cloisite 30B clay 1) mixtures cured at different temperatures (Park & Jana 
2003).  
The exfoliation and intercalation of the nano-clay layers in the polymer matrix can be 
recognized through Transmission Electron Microscopy (TEM) and Wide Angle X-ray 
Diffraction (WAXD). In-situ polymerization is used to produce exfoliated  
nano-composites because it results in a good affinity between clay and polymer. With 
this method, the liquid of the epoxy resin is intercalated into the clay layers, and then 
interaction within the clay layers reaches to the expansion of the interlayer in 
 (d-spacing) distance. Interaction between nano-clay and the epoxy matrix can be 
initiated by heat or a suitable initiator.  
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Figure 2.3: Types of nano-clay polymer composites, a) Conventional composite (phase separated micro-
composite), b) Intercalated nano-composite and c) Exfoliated nano-composite (Azeez et al. 2013) 
 The remarkable mechanical properties of nano-clay epoxy composites come from 
nano-particles possessing a nanometre scale in a range between 1 and 100 µm. Hence 
the interactions between the two phases of nano-clay with the epoxy matrix is larger 
than traditional composites since many physical interactions are controlled by  
the surfaces (Gupta, Lin & Shapiro 2007; Luo & Daniel 2003; Pavlidou & 
Papaspyrides 2008; Wetzel et al. 2002). In addition, the key factor for the improvement 
of the mechanical properties of epoxy resin filled by nano-clay is the degree of 
exfoliation of the filler into the epoxy matrix (Zulfli & Shyang 2010). Many studies 
have devoted to improving the mechanical and thermal properties of reinforced 
composite by adding nano-clay.  
Liu, Hoa and Pugh (2005) found that nano-clay in an epoxy composite could increase 
fracture toughness by 2.2 and 5.8 times by adding only 4.5 phr (part per hundred of 
resin by weigh). Haque et al (2003) and Lin et al (2006) investigated the effect of  
nano-clay fillers on mechanical and thermal properties for glass /epoxy composites. 
They found that, nano-clay as an additive, much improved the mechanical and thermal 
properties of the composites. Chisholm et al. (2005) also studied the mechanical 
properties of carbon /SiC epoxy reinforced composites with nano-clay and observed  
a 20 – 30% improvement in mechanical properties. Chowdhury et al. (2006) have 
concluded that nano-clay promotes good adhesion of fibre and matrix of epoxy by 
increasing the mechanical properties. In addition to mechanical properties,  
Yasmin et al. (2006) observed that the addition of clay particles improved the elastic 
modulus and thermal expansion coefficient when it is incorporated in pure epoxy.   
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Nano-particles can also overcome the drawbacks of traditional toughness of pure 
epoxy matrix through enhanced strength, stiffness and toughness of the epoxy. Studies 
reveal that the addition of nanoparticles into epoxy resin can enhance mechanical 
properties such as toughness and compression (Abdul Khalil et al. 2013; Hsieh et al. 
2010; Markkula, Malecki & Zupan 2013; Zhao et al. 2008).  Nano-clay with epoxy 
composite is one of the nano-particle composites that shows remarkable results with 
the compression test until five weight percentage of nano-clay epoxy composites. 
Zainuddin et al. (2009) studied the durability of nano-clay epoxy composites under 
different temperature levels; room temperature, hot and cold. Two weight percentage 
showed an improvement in mechanical properties. Fewer cracks were initiated and 
better interfacial bonding was achieved under all temperature conditions as well 
compared with pure epoxy when durability was tested with a three point flexural 
stress-strain device. This could have a resulted from enhancement in the crosslinking 
in polymer, thus increased strain to failure.   
Jumahat et al. (2012) studied the effect of clay on the compressive properties of 
Epikote 828 epoxy. Five concentrations of nano-clay were used (1-5wt. %).   It was 
found that the degree of exfoliation on the clay nano-plates in the epoxy represents the 
main factor in compressive strength. An increase in compressive strength between 
(1wt. % and 5wt. % nano-clay was recorded with the reduction in strain. This is mainly 
due to the high stiffness of nano-clay. Shokrieh, Kefayati and Chitsazzadeh (2012) 
investigated the effect of adding nano-clay (Closite 30B) on the mechanical properties 
of the epoxy polymer (ML-506). The results showed an enhancement in compression 
of about 7.4 % compared with pure epoxy, and this was explained on the basis of  
the lower porosity of the novel epoxy. For the fracture resistance, Ahmad et al. (2012) 
found that improvement in strain at break and fracture toughness comes from the  
nano-clay content at (1wt. %) when mixed with epoxy and multi-walled carbon 
nanotube (MWNT), this results were due to the existence of an exfoliated structure in 
the epoxy matrix. In another study, Lin (2007) found that the compression strength, 
fracture strength and Young’s modulus for reinforced nano-composites are much 
higher than that for the pure epoxy matrix. The increasing in mechanical properties 
above is attributed to the vein shape and the ductile dendrite phase occurring in the 
matrix during the compressive deformation, when using organically treated  
Na-montmorillonite (Cloisite 30B) and titanium dioxide nanoparticles to study the 
effect of exfoliated nanoparticles on the mechanical properties.  
2.4.2 Adhesive strength of polymers and metals  
Several papers have been published on the use of nano-particles into epoxy matrix 
such as carbon nanotubes (CTNs), multi-walled carbon nanotubes (MWCNTs) and 
nano-clay as an adhesive material  (Burkholder, Kwon & Pollak 2011; Meguid & Sun 
2004; Zhai et al. 2006; Zhai, Ling & Wang 2008). These studies investigated  
the possibility of enhancement in mechanical properties in terms of strength and 
toughness in tensile testing when used with aluminium and steel as an adherend 
material (bonded joints). The results showed that nano-particle inclusion with an epoxy 
matrix recorded an improvement results compared to pure epoxy. 
Nano-clay epoxy composites have been widely used for the adhesive applications with 
other adherend material, such as steel. This widespread use is a result of its potential 
enhancement in adhesive properties with practical applications, low cost, high strength 
to weight ratio, fewer processing requirements and environmental resistance compared 
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to conventional pure epoxy. It was reported that the addition of nano-clay with a bulk 
of epoxy could improve the adhesive strength of nano-clay epoxy composites (Hsiao, 
Alms & Advani 2003; Sancaktar & Kuznicki 2011). Many researches have been found 
that nano-clay epoxy composites recorded remarkable results when it is working as 
adhesive material with less amount of nano-clay (Zhai et al. 2006; Zhai, Ling & Wang 
2008).  
One of the important factors that determine the strength of adhesive material is 
adhesive thickness. Da Silva et al. (2009) and Da Silva et al. (2006) found that  
the strength of adhesive single lap joints increase as the layer of adhesive material gets 
thinner. In addition, Burkholder, Kwon and Pollak (2011) found that the presence of 
uniformly dispersed nano-particles inside the adhesive paste can improve the strength 
of the adhesive material. Moreover, the improvement in different properties of epoxy 
with nano-particles (as an adhesive) also depends on the chemical nature of  
the adhesive and adherent materials (Gude et al. 2011; Lafdi et al. 2008). Furthermore, 
the curing method determines the final mechanical properties (Vietri et al. 2014).   
Kim and Kim (2014) found that the strength and stiffness of polymer clay nano-
composites (PCNs) was enhanced by 61.7 % and 47.2 % respectively, as the nano-clay 
increased up to (3wt. %) as compared to the neat epoxy. Whereas, in the case of  
(5wt. %), the strength and stiffness decreased when studied the effect of nano-clay 
content with polymer as adhesive material on the tensile test. Sancaktar and Kuznicki 
(2011) examined the force of a fracture test for granite double lap samples as adherent 
and epoxy matrix with different percentages of nano-clay. It has been reported that 
(0.5wt. %) nano-clay concentration in epoxy matrix improved the force by nearly 0.25 
kN. However, increasing nano-clay weight after 0.5wt. % resulted in decreasing the 
load.  
Vietri et al. (2014) concluded that optimum nano-clay concentration in an epoxy 
matrix was (1.3wt. %) which improved the mechanical properties. In contrast, lower 
mechanical properties were achieved with increasing nano-clay concentration after 
(1.3wt. %) when nano-clay epoxy composite was used as adhesion and adherent 
material with different concentration for both.  
In terms of moisture environment, Kim and Kim (2013) concluded that the tensile load 
capability of the nano-clay-filled epoxy adhesively bonded joint was greatly improved 
and increased the strength; even in a moist environment, as water absorption was 
reduced due to the presence of the nano-clay in the epoxy adhesive as well as 
enhancing the interface between the epoxy adhesive and the steel adherent. Zhai et al. 
(2006) and Zhai, Ling and Wang (2008) found that two weight percent of nano- Al2O3 
with epoxy composite improved adhesion strength with steel that abraded with silicon 
carbon of 150 grits to record 18 MPa. Increasing nano- Al2O3 particles resulting in a 
decrease in the strength of the adhesion (when studying the effect of different kinds 
and percentages of nano-particles, nano-Al2O3, nano-CaCO3 and nano-SiO2 with 
epoxy matrix on mechanical properties as an adhesive material).   
2.4.3 Metal coating with nano-composites  
Epoxy coating is being used to improve the resistance of materials to corrosion in many 
areas such as, ship bottoms, storage tanks, fouling of steel surfaces and the marine 
industry (Chruściel & Leśniak 2015). An epoxy matrix can be applied as a coating on 
the materials such as steel by brush, roll and airless or conventional spray. Coating 
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material with conventional epoxy causes colour and chalking fade and loss of gloss in 
three to six months, leaving the material less resistant to environmental conditions 
(Mowrer & Sheth 2010; Sakugawa 2007).  
Nano-clays have been used by many researches to improve the corrosion resistance of 
coating layers because they provide an excellent barrier to moisture (Behzadnasab, 
Mirabedini & Esfandeh 2013; Chen, Khobaib & Curliss 2003; Hackman & Hollaway 
2006).  The mechanical properties of nano-clay epoxy composites have been studied 
by some researchers. Behzadnasab, Mirabedini and Esfandeh (2013) found that 
mechanical properties (tensile test) were enhanced in the nano-clay epoxy composite 
due to improved exfoliation behaviour in the nano- clay. This improvement occurs 
when smaller amount of nano-clay was used in epoxy matrix as a coating layer 
compared to pure epoxy.  
The Scanning Electronic Microscopy (SEM) results also showed increase in  
the roughness of the fracture surface with the increase of nano-particles in epoxy 
matrix. The increase in surface roughness contributes to the prevention of crack 
propagation because of the highly bonded nano-particles in epoxy matrix at (1wt. %) 
whereas, increasing nano particles after this percentage is reached, generates the voids 
as a result of increased viscosity of the composite. Shi et al. (2009) studied the effect 
of incorporating various nanoparticles SiO2, Zn, Fe2O3 and halloysite clay with an 
epoxy matrix as a coating layer for steel material on the corrosion resistance and 
mechanical properties. They found an enhancement in corrosion resistance for  
the coated steel and an increase in the mechanical properties (the hardness of the coated 
surface) and Young's modulus as well as an improved microstructure of the coating 
matrix compared to pure epoxy.  
2.4.4 Tribological and three body abrasive characteristics of polymers  
From a tribological point of view, the three-body abrasive (3BA) wear property of 
epoxy has gained the attention of many researchers (Chand, Naik & Neogi 2000; Pihtili 
& Tosun 2002; Yousif & El-Tayeb 2010). For example, the frictional and wear 
behaviour of epoxy subjected to 3BA abrasion loaded at different abrasive particle of 
sand size (500, 714 and 1430 µm), has been investigated by Suresha and 
Chandramohan (2007), Yousif et al. (2010) and Mohan et al. (2011), these studies 
found that the degree of wear damage depends on the particle size. Higher sliding 
velocities caused higher wear rate, and higher values of friction coefficient were 
noticed when the material was subjected to coarse sand. Higher wear resistance was 
recorded when fine sands particles were used as a third body, followed by intermediate 
and then coarse sand particles.  
Hardness is one of the important parameters in mechanical design, especially for 
components subjected to tribological loading. Hardness is a material property that 
influences wear and friction (Stachowiak, Batchelor & Stachowiak 2004). Lesniewski 
& Krawiec (2008) found through experiments on steel bodies (mating surfaces), that 
an increase in the hardness of these materials contributes to increased wear resistance. 
Sinha et al. (2009) concluded that pressure, velocity between the surfaces and the angle 
of the indenter surface (if there is an angle through the contact between the bodies) are 
the important factors to test the relationship between hardness and wear behaviour of 
the materials and determine the deformation mode on the material surfaces. On the 
other hand, on polymeric materials, contradictions and argument have been reported 
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with regards to the correlation between mechanical property and three body-abrasive 
(3BA) wear (Harsha et al. 2003). For example, Shipway & Ngao (2003) and 
Yamaguchi (1990) found a poor relationship between three-body abrasion (3BA) and 
mechanical properties (hardness, tensile strength and elongation) of twenty polymeric 
materials. But Shipway and Ngao (2003), in same research, found that hardness played 
the main role in controlling the abrasive wear when considering this property 
individually. However other researchers, Harsha et al. (2003) and Yousif and El-Tayeb 
(2010) found  a better correlation between a combination of more than one mechanical 
property in one product with wear performance. 
For tribological properties, Jawahar et al. (2006) found that nano-clay fillers improve 
wear resistance, hardness and the friction coefficient of polyester composites because 
they act as a barrier and prevent large-scale fragmentation of the polyester matrix 
during wear testing as well as nano-clay with generating debris through wear testing 
acts as three-body, resulting in a decreasing friction coefficient.  
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2.5 Main points extracted from the literature and 
recommendations 
From the discussion of the literatures, it can be concluded that rollers in milling 
machine are exposed to tribological loading (3BA) and this effects the final quality of 
milled feedstock and milling performance. It was discovered that the hardness and size 
of seeds determine the quality of milled feedstock and the design of milling machines. 
It was also reported that epoxy material can be used in high mechanical and 
tribological loadings, and that with nano-clay, showed remarkable mechanical 
properties and higher environmental resistance. Figure. 2.4 displays the parameters 
affecting the abrasive wear behaviour of epoxy and possible influence on the milling 
products, 
 
Figure 2.4: Influence of various parameters on three body abrasion in roller milling equipment 
Four points can be recommended from the reported work: 
1. Test the polymers, especially epoxy with / without nano-clay for potential 
tribological applications as a coated layer on roller surfaces in milling machines 
to investigate the effect of milled particles as abrasive particles on the roughness 
of coated material surface.  
2. Investigating the possibility of using epoxy with/ without as a coated layer on 
roller, surfaces in agricultural roller mill machines and studying their effect on the 
Feedstock quality and milling performance because, the coated material can 
change the dimensions of corrugation in the rollers depending on its remarkable 
mechanical properties.    
3. Research into the effect of operating parameters, rotational speed, gap between 
the rollers and roller corrugation types on the tribological behaviour of roller 
milling machines because rotational speed and gap between the rollers are  
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the main factors effecting the tribological behaviour of coated material, in 
traditional tribology test these factors are expressed by speed of counterface and 
load, respectively. 
4. Study the effectiveness of the composite hardness as a coated layer on the surface 
of the rollers as well as the operation parameters of roller milling machine 
(rotational speed of rollers and gap between the rollers) on the quality of final 
milled product due to changing the dimensions of corrugation and operation 
parameters which will contribute to enhance the quality of the final milled 
product. 
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3 Chapter 3: Methodology 
3.1 Introduction 
An overview of the experiments and the scope of the study is introduced in this chapter 
and represented in Figure 3.1. In Stage 1, the compressive test of sorghum seeds has 
been used to determine the maximum compressive load for seed breakage and  
the changing morphology and fracture. A compressive test of different percentages of 
nano-clay epoxy composites has been used to measure stress-stain and modulus of 
elasticity. Also, tensile tests are conducted for adhesive mild steel single lap joints by 
using epoxy resin with different concetreations of nano-clay additives. This has helped 
in determining the optimum concentration of nano-clay additives; seeking the high 
mechanical performance of the nano-clay composite material. Moreover, the effect of 
the compressive load of sorghum seeds on nano-clay epoxy composite materials as a 
coated layer over mild steel material has been examined by using different percentages 
of nano-clay additives as mentioned above. These tests have been performed on 
different percentages of nano-clay additives with epoxy starting from (0, 1, 2, 3, 4 and 
5wt. %). Tribological tests have been conducted to study the effect of different loads 
and particle sizes as a three body abrasive (3 BA) with epoxy and polyester by using 
block on ring test geometry; seeking the high tribological performance. 
Optical microscopy and scanning electronic microscopy (SEM) have been used for all 
stage 1 experiments to study the morphological changes in the surface of the materials.  
In Stage 2, the neat epoxy matrix and the optimum percentage of nano-clay epoxy 
composite (resulting from Stage 1) is used as a coating material for mild steel rollers 
in milling seeds machine. The study has been investigated the influence of the coating 
process on the surface characteristics of the roller corrugation in terms of roughness 
profile and its effect on feedstock quality (physical properties of milled sorghum seeds) 
and milling performance (bulk density, power consumption and production rate). 
These composites, as a coated layer, have been examined with a roller milling 
machine, under two types of coated materials (neat epoxy and 2wt. % nano-clay epoxy 
composite), three levels of roller speed (533, 777 and 980 rpm) and five levels of roller 
gaps from (0.25 – 0.35 mm) to (0.65 – 0.75 mm) and The results are compared with 
the uncoated rollers under the same parameters.  
After the test, Scanning electron microscopy (SEM) has been used in Stage 2 to 
examine the fracture mechanism of the sorghum. In addition, statistical analysis has 
been performed, using SAS software (SAS 2004), to determine the significance of the 
operating parameters and their impact on the quality of the feedstock and milling 
performance to identify the high quality of feedstock and good milling performance.  
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Perform the compressive tests on sorghum seeds 
Perform the compressive tests on epoxy matrix with different 
percentages of nano-clay additives 
Obtain the optimum result: 
- Epoxy matrix with nano-clay composite in compression test 
- Tensile of adhesive single lap joint for epoxy matrix with nano-
clay composite.   
-  Sorghum seed compression over coated layer of epoxy matrix 
with nano-clay composite 
 
Perform the milling sorghum seeds tests using milling machine with 
coated surface rollers of epoxy matrix with (0wt. %) of nano-clay and 
epoxy matrix with (2wt. %) nano-clay epoxy composite and compared 
them with uncoated rollers  
 
Study and investigate the results of feedstock quality and milling 
performance  
Perform the tensile tests for adhesive mild steel single lap joints of epoxy 
matrix with different percentages of nano-clay additives 
Stage 1 
Stage 2 
Perform the sorghum seed compression tests over coated layer of epoxy 
matrix with different percentages of nano-clay additives on mild steel 
cubic  
Perform the tribology tests on different thermosetting material at 
different loads and abrasive particle sizes 
Figure 3.1 : Schematic drawing showing the procedure of experimental study 
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3.2 Material selection  
Sorghum seeds were selected as they are commonly used in animal feedstock, making 
them easy to obtain through the year at low prices. Sorghum seeds were bought from 
a local supplier in Toowoomba (Norco Co-operative Limited) in a total amount of 
approximately (600 kg). Sample of the collected sorghum is displayed in Figure 3.2 
a, b & c, that shows a sample of sorghum seed and a scanning electronic microscopy 
(SEM) of the sorghum seed. 
The sorghum seed consists of the pericarp (outer layer), endosperm (storage tissue) 
and germ (embryo). The pericarp is formed from the ovary wall and divided into 
histological tissues: epicarp, mesocarp and endocarp. The outer layer of epicarp is 
covered with a thin layer of wax. The pericarp layer thickness ranges is from 8 m to 
160 m. The bronze colour arises from the tannin content in the testa layer which is 
underneath pericarp (Rooney 2000). On the germ tip, there is a black layer which is 
the placenta scar tissue developed when caryopsis reaches physiological maturity 
(Waniska 2000). 
The total amount of the sorghum seeds was placed in large square plastic containers 
and impurities were removed (foreign material). The closed containers kept the seeds 
at the same moisture content average. The main characteristics of the selected sorghum 
as shown in Table 3.1, are mean kernel size, geometric standard deviation of mean 
kernel size and specific surface area which is measured using (ASABE 2008); moisture 
content was measured using the standard (ASABE 2012) and bulk density which was 
measured according to method described by Kahyaoglu, Sahin and Sumnu (2010). 
 
   
Figure 3.2: Photo and micrograph of the sorghum 
(a) Virgin photo of the Sorghum seeds (b&c) SEM of the surface of the whole sorghum grain 
a) 
(Pericarp) Wax cover on 
pericarp  layer   
b) 
(Pericarp)  
c) 
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Table 3.1: Characteristics of the Sorghum 
Parameter Unit Value 
Bulk density kg/m3 850 
Moisture content % (w.b.) 11 – 12 
Mean kernel size mm 3.622 
Geometric standard deviation of mean kernel size mm 0.579 
Specific surface area cm2/g 21.77 
 
The epoxy resin (Kinetix R246TX), used as the matrix material, and was supplied by 
Australian Calibrating Services Pty Ltd. The hardener used in the current work is 
Kinetix (H160), and it was supplied by LTL Composites Pty Ltd, Australia  
(See Appendix A). The organo-clay platelets with a brand of (Cloisite® 30B) were 
provided by Southern Clay Products, Inc., via Jim Chambers & Associates, Australia, 
and were used as reinforcements (See Appendix B).  
For the adhesive single lap joint and coating test processing, the steel material (4140 
high tensile, Bohler Uddeholm, Australia, n.d. at 
http://www.ssm.co.nz/sitefiles/4140.pdf) possesses the same specification as the 
rollers in the milling machine.  
3.3 Experimental preparation: procedure of epoxy 
composites interaction with the seeds and the steel 
metals  
3.3.1 Epoxy nano-clay preparation 
The method of preparation for epoxy nano-clay composites starting from (0wt. %) to 
(5wt. %) nano-clay additives was the same in all experiments for both. Epoxy (Kinetix 
R246TX) was used as resin, (Kinetix H160) as a hardener, and organo-clay platelets 
nano-clay composites (Cloisite® 30B) were used as reinforcements with a series of (1-
5wt. %).  
First, the nano-clay was dried at 60 C for 24 hours before sample preparation.  
The Kinetix R246TX was preheated to 80 C in a vacuum oven for 30 minutes to 
reduce the viscosity of the resin. A specific amount of nano-clay was added in to 
Kinetix R246TX and mechanically stirred at 400 rpm and blended with the appropriate 
amount of Kinetix H160 hardener for 1 hour. The stilling process was taken place 
using a mixer connected with the portable drill machine as shown in Figure 3.3.  
The mixing ratio of the epoxy with the hardener wad 4 : 1 as recommended by  
the manufacturer, ATL Composites Pty Ltd.  
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Figure 3.3: Processing of Kinetix R246TX –nano clay composite by stirring 
3.3.2 Mechanical experiments  
3.3.2.1 Compression test of sorghum seeds 
The method mentioned by Ponce-García et al. (2008) was used to conduct the 
compression tests of the sorghum seeds. The compression testing (stress-strain and 
modulus of elasticity) of the sorghum seeds was carried out with a universal testing 
machine (Hounsfield tensometer 250 N – 2500 N system, n.d. at 
http://www.indiamart.com/technolabcorporation/universal-testing-machine.html). 
Before conducting the test, the height of each seed was determined using a digital 
Vernier (LCD-V-1 - LCD Vernier Type Digital Calipers, ±0.01). To determine  
the contact area (load bearing area) of the sorghum seeds, ink pad was used to paint 
the sorghum seed, then pieces of paper (30 × 30 mm) were taped to the loading face 
of the top plate to print the ink impression of the contact surface of the seeds during 
loading. The contact mark left by the seed represented the actual contact area, then  
the optical microscopy was used to determine the area of impression.  
The velocity of compression device was set at (0.1 mm/sec) and the strain was set at 
(0.5 mm) with constant deformation. Individual sorghum seeds were placed between 
the surfaces of grip arms as shown in Figure 3.4. An average of 20 readings were used 
to record the results from sorghum seeds in the same sample. The modulus of elasticity 
(E) was determined from the stress-strain curve: 
 
= E
     
Where  normal stress is equal (force/area) and  is the strain, strain is defined as:  
 
100 = 
0
0 




 
L
LL h  
Where L0 and Lh are initial seed height and final high after deformation respectively.   
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Figure 3.4: Fixing sorghum seed in compression test machine 
 
3.3.2.2 Compression test of epoxy nano-clay composites 
The epoxy nano-modified resin was poured into cylinder moulds (12.7 mm in diameter 
and 25.4 mm height) according to ASTM (1996) The mould was coated with a release 
agent (wax) before fabrication. Samples were placed in an oven for 24 hours at a 
temperature of 70 oC for curing. After curing, the samples were left at room 
temperature and then were released from mould as shown in Figure 3.5. There were 
five samples for each series. Preparation series was started from (0 ,1 ,2 ,3 ,4 and 5wt. 
%). 
 
Figure 3.5: Cylindrical samples of different percentages of nano-clay epoxy composites  
The mechanical properties including compression strength, modulus of elasticity and 
strain were calculated according to (ASTM 1996) An MTS 810 TestStar universal 
machine (MTS 810 & 858 Material Testing Systems , n.d. 
http://www.upc.edu/sct/documents_equipament/d_77_id-412.pdf ) was connected  to  
a computerised data acquisition system and used to complete all compression tests, as 
0 wt. % 1 wt. % 2 wt. % 3 wt. % 4 wt. % 5 wt. % 
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shown in Figure 3.6. Neat epoxy and each nano-clay composite system were tested at 
room temperature with a crosshead speed of (1 mm/min). Fractured samples from each 
test were collected for scanning electronic microscopy observation.   
 
Figure 3.6:  MTS 810 Universal Machine for testing the compression of epoxy matrix with nano-clay 
composites  
3.3.2.3     Tensile test of adhesive mild steel single lap joints  
Mild steel single lap specimens were prepared from a steel panel (4140 high tensile) 
which was cut into panel groups of thirty specimens, six for each series of nano-clay 
epoxy composites starting from (0, 1, 2, 3, 4 and 5wt. %) with five repeats.  
The specimen dimensions with lap are shown in Figure 3.7. 
 
Figure 3.7: Mild steel single lap joint dimensions  
 
In the adhesion process, a pair of single lap joints was prepared by determining  
the area of adhesion of 25 (±0.02) × 20 (±0.03) mm using a jig which is schematically 
detailed in Figure 3.7. The area was polished with SiC grade 2000G and then cleaned 
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with ethanol several times to remove any debris and undesirable materials from  
the surfaces, as shown in Figure 3.8. Afterward, the pair of steel joints was dried in an 
oven for 24 hours at a temperature of 50 oC. The dried steel joints were placed 
horizontally to undertake adhesion process. Epoxy (Kinetix R246TX) was used as 
resin, (Kinetix H160) as hardener and organo-clay platelets with a brand of (Cloisite® 
30B) were used as reinforcements with epoxy matrix. After the initial preparation, a 
fine brush was used for the adhesion process in the area of adhesion of single lap which 
is similar to the painting process. Mild steel joints were fixed to the adhesive area by 
a small holder under the same pressure for all the samples and to remove any excessive 
material over the area of adhesion. After adhesion processing, the steel single lap joints 
were placed in an oven for 24 hours at a temperature of 70 oC for curing process  
Figure 3.9. 
 
Figure 3.8: Adhesive area in steel single lap joint 
 
Figure 3.9: Samples of steel single lap joints after adhesive processing 
Tensile modulus (E) and elongation at break (ε) were determined according to ASTM 
D638 (ASTM 2010), under ambient conditions, using the MTS 810 TestStar Material 
Testing System, as shown in Figure 3.10. Six sets of specimens were tested, according 
to proportional percentages of nano-clay modified epoxy resin. Five tests were 
conducted for each sample set and the average values were calculated to measure load 
and deformation. The areas of adhesive samples after the breakage were examined 
using scanning electronic microscopy, as shown in Figure 3.11.  
Adhesive area in steel 
single lap joints 
0wt% 1 wt% 2 wt% 3 wt% 4 wt% 5 wt% 
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Figure 3.10: Tensile test for adhesive steel single lap joint 
 
 
Figure 3.11: The surface of adhesive area after breakage in tensile machine 
 
3.3.2.4 Compression test of coated layer of epoxy nano-clay composites 
with sorghum seeds  
In this experiment, a mild steel material (4140 high tensile) was cut into six cubic 
pieces with dimensions 10 (±0.02) mm ×10 (±0.02) mm ×10 (±0.02) mm. For the 
coating process, the surface of each  cubic was firstly polished with SiC grade 2000G 
and then cleaned with ethanol several times to remove any debris and undesirable 
materials from the surfaces. The cleaned cubic surface was dried in an oven for 24 
hours at a temperature of 50 oC.  
Adhesive area after 
breakage 
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The dried cubic surface was placed horizontally in a plane surface to ensure uniformity 
of the coating. Epoxy (Kinetix R246TX) was used as resin, (Kinetix H160) as hardener 
and organo-clay platelets with a brand of (Cloisite® 30B) were used as reinforcements 
with the epoxy matrix. After the initial preparation of the mild steel cubic and the 
epoxy mixture with a series of epoxy with nano-clay composite starting from (0wt. %) 
to (5wt. %), a fine brush was used in the coating process (i.e. it is similar to the painting 
process) for coating the surface of mild steel. After coating, the six pieces of mild steel 
cubic were placed in an oven for 24 hours at a temperature of 70 oC for curing, then 
optical microscopy was used to check the thickness of coating layer to be between in 
average of 20 – 40 µm, Figure 3.12. 
 
Figure 3.12: Coated layer of epoxy nano-clay composite on mild steel cubic  
For testing the effect of the compression of sorghum seeds on the coated layer of epoxy 
nano-clay composites, twenty sorghum seeds was selected randomly for each coated 
surface layer of mild steel cubes. A Hounsfield tensometer 250 N–2500 N system was 
used to compress sorghum seeds on the coated layer. Before conducting the test, the 
height of each seed was determined using a caliper and the area of the sorghum seeds 
were determined using the method that was described by Ponce-García et al. (2008). 
Each sorghum seed was placed on the centre point of the coated layer and  
a compression test was conducted until the sorghum seed was broken on the coated 
layer. This process was repeated twenty times on the same coated layer for each epoxy 
nano-clay composite, as shown in Figure 3.13. The mechanical properties including 
compression strength-strain and modulus of elasticity were calculated for the coated 
layers, according to (ASTM 1996). At the end of the compression test, each coated 
surface of cubic and the fractured sorghum seeds were checked using scanning 
electronic microscopy to see the fracture behaviour of sorghum seeds and the changing 
morphology of the coated layer due to compression.   
Side view of coated 
layer  
Coated layer of epoxy 
nano-clay composite 
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Figure 3.13: Compression testing of sorghum seed on coated layer of epoxy nano-clay composite   
3.3.3 Tribological machine and experimental procedure  
Figure. 3.14 shows a three dimensional view of the tribological machine. Load cells 
(5) (Accutec H3-50) are set to (BOR) load lever to measure the frictional forces at  
the interface of the specimen and counterface. The machine was equipped with a data 
acquisition system to capture frictional forces and interface temperatures 
simultaneously. The experiments were conducted according to the ASTM B 611 
standards for abrasive wear testing (Yousif 2013) . The specifications of the machine 
are given in Table 3.2.  
  
Coated layer of epoxy 
nano-clay composite 
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Table 3.2: Technical specifications of the new tribo-machine, (Yousif 2013) 
Wheel speed  5 to 2000 rpm 
Wheel type  Steel counterface (AlSl304,50BHN hardness) 
Load  5 – 500 N 
Motor type  AC motor with frequency inverter drive 
Specimen size 58 × 25 × 25 mm 
Specimen thickness 6 mm to 25 mm 
Small roller of pure epoxy  20 mm × 25 mm 
  
 
 
(1) BOR Load lever,(2) Specimen, (3) Counterface, (4) Hopper, and (5) Load cell 
Figure 3.14:  Three dimensional drawing of sand/steel wheel machine (Yousif 2013) 
In this work, the wear rate of pure polyester and pure epoxy were investigated at 
different loads and for different abrasive particles sizes under dry contact and ambient 
conditions (temperature = 25° C, humidity = 50 % ± 5).  Wheel counterface (AlSl304, 
50 BHN hardness) have been used. The experiments were conducted using the block 
on ring (BOR) technique. Some of the machine specifications are given in Table 3.2.  
A closed fabrication method was adopted to manufacture the polyester and epoxy 
blocks using a metal mould measuring 120 mm × 120 mm × 20 mm. Internal surfaces 
of the mould were greased with a thin layer of wax as a release agent. Polyester resin, 
mixed with 1.5 % hardener, was poured into the mould. The orthophalic unsaturated 
polyester (Revesol P9509) pre-promoted for curing at ambient temperatures by  
the addition of Methyl Ethyl Ketone Peroxide (MEKP) as catalyst was selected for  
the this current work. The prepared blocks were cured for 24 hour at room temperature 
24 oC. The same technique was used in fabricating the epoxy blocks. The 
epoxy/hardener ratio was 3 : 1 wt %. The resin used was liquid epoxy (DER 331) and 
the curing agent was JOINTMINE 905-3S. The blocks were placed in a vacuum 
chamber (MCP 004PLC) with 7.25 psi pressure for 24 hours to remove the air bubbles 
and cured. The polymer blocks were then machined into the tribological samples 
(specimens) with dimensions of 58 mm × 25 mm× 25 mm. The Block-on-Ring load 
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lever technique was used in the tribological machine.  This technique is associated 
with the hopper (4) that will supplies the sand particles with the desired flow rate  
(4.5 g/s). The sand particles were cleaned, washed and dried in an oven for 24 hours  
at 40 C (in size of 560 –1300 µm) as shown in Figure 3.15. The (3BA) test was 
conducted at load (5 and 20 N), flow rate (10 g/s), test durations (180 second)  
(Al-Sandooq, Yousif & Jensen 2012; Mohan, Natarajan & KumareshBabu 2011; 
Yousif & El-Tayeb 2008).  
 
Figure 3.15: Micrographs of three different sizes of sand particles (a) small size; (b) intermediate size; and (c) 
large size 
3.4 Roller milling machine experimental procedure  
3.4.1 Roller mill machine 
A mini roller mill was supplied by The Matsons Engineering Company, Australia, as 
shown in Figure 3.16a (See Appendix C). The main components of the machine are 
(1) seeds hopper, (2) guard protection, (3) feed gate (to adjust the flow rate of the seed), 
(4) gap lever (to adjust the gap between the rollers), (5) emergency switch, (6) rollers 
chamber (including a pair of milled steel rolls), (7) milled product chute, (8) main 
switch and (9) 1.5 kW electric motor to run the milling machine. The machine was 
designed to grind wheat and sorghum for animal feedstock. The machine consists of 
two rollers made of mild steel (4140 high tensile), as shown in Figure 3.16 b.   
The specification of the milling machine is shown in Table 3.3. 
 a) 
 c) 
 b) 
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Figure.3.16: Main components of mini-roller mill machine 
a) photo of the machine, b) the rollers in the machine  
(1) grains hopper; (2) guard protection; (3) feed gate; (4) gap lever; (5) emergency switch; (6) rollers chamber ;(7) milled 
product chute  (8) main switch and (9) electrical motor ; (10) shift; (11) cylindrical Rolls; and (12) corrugations teeth of surface 
of rolls 
 
Table 3.3 The specifications of Rolling milling machine 
Power of motor  240 Volt AC 
Motor 1.5 kW  single phase 
Mill Rollers 75 mm diameter  85 mm  length,  steel 
material (4140 high tensile) deep 
corrugations 1 mm, number of corrugations 
is 2.4 per cm 
Drive belt A7 Vee belt 
Drive motor pulley 1A 2.5 inches 
Drive mill pulley (Speed one) 1A 4 inches - 980 rpm 
Drive mill pulley (Speed two) 1A 5 inches 777 rpm 
Drive mill pulley (Speed three) 1A 7 inches 533 rpm 
Hopper capacity  30 litre 
Shipping weight 78 kg 
Slide Gate Opening  67 mm13 mm 
 
 
3.4.1.1 Coating process  
In the coating process, two pairs of rollers were firstly polished with SiC grade 2000G 
and then cleaned with ethanol several times to remove any debris and undesirable 
materials from the surfaces. The cleaned rollers were dried in an oven for 24 hours at 
a temperature of 50 oC. The dried roller was placed vertically in a metal holder to 
ensure uniformity of the coating. In this study, epoxy (Kinetix R246TX) was used as 
resin, (Kinetix H160) as hardener and organo-clay platelets with a brand of  
(Cloisite® 30B) were used as reinforcements for epoxy material. After the initial 
a) b) 
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preparation of the rollers and the epoxy mixture with (0wt. %) nano-clay and epoxy 
with (2wt. %) nano-clay composite, a fine brush was used for coat the rollers.  
After coating the first pair of rollers with epoxy matrix with (0wt. %) nano-clay and 
the second pair with epoxy (2wt. %) nano-clay composite, the rollers were placed in 
an oven for 24 hours at a temperature of 70oC to cure. The final thickness of the two 
kinds of coated layers was measured using optical microscopy. Each pair was 
measured at approximately 20 – 40 µm. Figure 3.17 shows the optical microscopy of 
the roller corrugation before and after coating with (0wt. %) or ( 2wt. %) nano-clay 
epoxy composites associated with the roughness profile of the tooth surface. 
The roughness profile shows that the roughness of the roller was reduced after coating 
for both percentages of nano-clay compared to the uncoated surface. It should be 
mentioned that, the uncoated rollers were polished before the roughness profile was 
taken. Despite of this, the roughness of the coated was less than the uncoated roller for 
two pairs and this could be expected as the epoxy was in liquid form and managed to 
adhere well to the mild steel materials.  
 
Figure 3.17: Samples of the roughness profile of the surface of the roller before the test 
(a) uncoated roller (b) coated roller(0wt. % nano-clay epoxy composite) 
(c) coated roller (2wt. %nano-clay epoxy composite) 
a) 
b) 
c) 
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3.4.1.2 Experimental procedure of milling process  
The uncoated and the coated rollers were tested under different operating parameters, 
i.e. rotational speeds (533 rpm, 777 rpm, and 980 rpm) and gaps between the rollers at  
(0.25 mm – 0.35 mm, 0.35 mm – 0.45 mm, 0.45 mm – 0.55 mm, 0.55 mm – 0. 65 mm, 
0.65 mm – 0.75 mm). For each testing set, the experiments were repeated three times.  
The slide gate of the hopper was 13.1 mm × 67.5 mm allowing different flow rates of 
seeds. For each run, the required speed was set using a specific pulley. The speed was 
checked using a tachometer and a feeler gauge was used to measure the gap between 
the rollers as mentioned by El-Porai et al. (2013). 
The hopper was loaded with (4 kg) of seed. The first of the milled samples collected 
from each run was used to measure the bulk density. The machine was connected to a 
computer monitoring the period of milling time (seconds) and power consumption 
(kW) for each treatment. This data was then used to calculate the production rate 
(kg/hr).   
In the categorization process, a sample of (100 g) of milled product for each run was 
collected randomly and placed on the top sieves and shaken for (15 minutes). The mass 
of material in each sieve was weighted with a Setra weight scale (± 0.01 g). The milled 
seeds that passed through the smallest sieve were examined using scanning electron 
microscopy (SEM, Jeol) and/or optical microscopy. Samples of milled feedstock were 
selected from sieve (2.36 mm) and sieve (0.425 mm) to examine the damage features 
using scanning electronic microscopy. Finally, the particle size data from all the sieves 
was analysed to obtain a geometric mean diameter, a total surface area increase of 
particles, the number of practical per sample and geometric standard deviation.  
A set of woven wire-cloth sieves (fourteen sieves) having an opening size from 4.75 
mm to 0.053 mm) and a frame diameter of 200 mm and 25 mm high with shaking 
equipment, was used to measure the quality of the milling feedstock of sorghum seeds.  
3.4.2 Output parameters  
3.4.2.1 Determination of feedstock quality (physical properties) 
The geometric mean diameter and geometric standard deviation are determined 
according to (ASABE 2008) using equations 1 – 4:  
dgw = log
−1 [
∑ (Wi log di)̅̅ ̅̅
n
i=1
∑ Wi
n
i=1
]         (1) 
Where  
dgw= geometric mean diameter by mass of sample (mm) 
di̅= geometric mean diameter of particles on i
th sieve can be concluded from this 
formula Eq.2:  
di̅ = (di + di+1)
1/2          (2) 
Where 
di= nominal sieve openings of the i
th sieve (mm) 
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di+1= nominal sieve openings in the next larger than i
th sieve (just above in a set), 
(mm). 
n= number sieves +1 (pan) 
Wi= mass on i
th sieve, (g) 
𝑆𝑙𝑜𝑔= geometric standard deviation of log-normal distribution by mass in ten-based 
logarithm (dimensionless) which can be determined using Eq. 3: 
𝑆𝑙𝑜𝑔 = [
∑ 𝑊𝑖
𝑛
𝑖=1  (log 𝑑𝑖̅̅ ̅− log 𝑑𝑔𝑤)
2
∑ 𝑊𝑖
𝑛
𝑖=1
]
1/2
=
𝑆𝑙𝑛
2.3
      (3) 
Where  
𝑆𝑙𝑛= geometric standard deviation of log-normal distribution by mass in natural 
logarithm (dimensionless)  
𝑆𝑔𝑤= geometric standard deviation of particle diameter by mass which can be 
determined using Eq 4.  (ASABE 2008) : 
𝑆𝑔𝑤 =
1
2
dgw [log
−1Slog − (log
−1Slog)
−1
]      (4) 
Total surface area of particles can be calculated by using Eq.5 (ASABE 2008): 
Ast =
βsWt
βv ρ
 exp (4.5  σln
2 − ln µgm)      (5) 
Where 
Ast= estimated total surface area of sample, (cm
2) 
βs= shape factor for calculating surface area of particles βs =π for particles are 
spherical, βs = 6 if the shape is cubical for particles 
βv = shape factor for calculating volume of particlesβv = 1 for cubical particles and 
βv =π/6 for spherical particles 
ρ = bulk density of material, (g/cm3) 
σln= log-normal geometric standard deviation of parent population by mass in natural 
logarithm, use 𝑆𝑙𝑛as an estimate in Eq (3) 
μgw = geometric mean particle diameter of parent population by mass distribution, 
use dgw as an estimate in Eq (1), (cm) (μgw is expressed in cm and dgw is expressed in 
mm) 
Specific surface area increase (cm2/g) can be calculated using Eq. 6:  
SSAI = (Surface area of milled sorghum – Surface area of the original sorghum) / 
charge                     (6)  
The number of particles per gram were determined using Eq. 7: 
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Nt = (
Wt
βv ρ
 exp (4.5  σln
2 − 3 ln µgm))/100      (7) 
Where 
Nt= number of particles in one gram of charge  
βv = shape factor for calculating volume of particles βv = 1 for cubical particles and 
βv =π/6 for spherical particles. 
ρ = bulk density of material, (g/cm3) 
σln= log-normal geometric standard deviation of parent population by mass in natural 
logarithm, use 𝑆𝑙𝑛as an estimate 
µgw = geometric mean particle diameter of parent population by mass distribution, use 
dgw as an estimate, (cm) (µgw is expressed in cm and dgw is expressed in mm). 
3.4.2.2 Bulk density (kg/m3)  
For the determination of the bulk density, a cylindrical container with (323 ml) volume 
was filled with milled seeds. The container was tapped several times and the excess 
sorghum was removed by sweeping the surface of the container with a ruler without 
compressing the seeds as described by Kahyaoglu, Sahin and Sumnu (2010). The filled 
container was weighted by a Setra weight scale (±0.01 g). The bulk volume of the 
samples was taken as equal to that of the container. Bulk density was then calculated 
as (kg/m3).  
3.4.2.3 Power consumption (kJ/kg)  
The determination of energy consumption during all milling runs was calculated with 
(Fluke 43B Meter, analyzer, USA. and Canada,  n.d. at 
http://assets.fluke.com/manuals/43b_____umeng0200.pdf) which was 
connected to a computer to record electrical power consumption (Fistes, Tanovic & 
Mastilovic 2008). As illustrated in Figure 3.18, two different power readings were 
recorded corresponding to the operations with load and without load. The milling 
energy consumption (E) by kJ/kg, in the conventional roller milling systems for the 
coated roller with pure epoxy, coated roller with epoxy nano-clay composite 2wt. % 
and uncoated roller was calculated by Eq. (8):  
𝐸 =
𝑃−𝑃∗
𝑚
× 𝑡          (8) 
Where 
E= energy consumption during milling processing (kJ/kg) 
𝑃= power consumption with load (kW). 
𝑃∗= power consumption without load (kW) 
𝑡= time of milling processing for each run (Second) 
𝑚 = mass of milled sorghum (kg)  
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Figure 3.18: Experimental setup for measuring milling length time, current and power consumption (Kw) for 
mini roller milling machine by using (Fluke 43B Meter, analyzer, and power quality)  
3.4.2.4 Production rate (kg/hr) 
To determine the production rate, time per treatment under specific roller type, speed 
and gap, (Fluke 43B Meter, analyzer power quality) was used to calculate the 
production rate. Before each treatment, the machine was run unloaded for one minute, 
after that, the machine was loaded with sorghum seeds (4kg). When four kilos of 
sorghum was crushed totally, the milling machine was run unloaded for another one 
minute. The unloaded one minute time before and after milling process was calculated 
by Stopwatch. The amount of milled sorghum (kg) was divided by time (seconds) and 
the results were converted to (kg/hr). This calculation process was used for all 
treatment sets.  
3.4.3 Statistical analysis  
Forty-five treatments of roller type Table 3.4 (three levels: uncoated roller, coated 
roller with epoxy matrix with (0wt. %) nano-clay and coated roller with (2wt. %)  
nano-clay epoxy composite), roller speed (three levels: 980 rpm, 777 rpm and 533 
rpm) and gaps between the rollers (five levels: 0.25 – 0.35 mm, 0.35 – 0.45 mm, 0.45 
– 0.55 mm, 0.55 – 0.65 mm, and 0.65 – 0.75 mm) in a 3 × 3 × 5 factorial design were 
subjected to statistical analysis using the three-way ANOVA of General Linear Model 
(GLM) procedure of  (SAS 2004) to assess the main effects,  two- and three-way 
interactions of physical properties of feedstock quality (geometric mean diameter 
(µm), surface area increase (cm2/g), number of Particles /g and geometric standard 
deviation) and milling performance (bulk density kg/m3, power consumption kJ/kg and 
production rate kg/hr) . Differences of variables were separated using Duncan’s 
multiple-range test at P < 0.05.  
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Table 3.4: The experiment procedure in roller milling machine according to the main three factors and their 
levels 
Roller coating type Roller speed (rpm) Roller gap (mm) 
Uncoated roller  
(UCR) 
980 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
777 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
533 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
Coated roller  
CR (0wt. %) 
980 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
777 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
533 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
Coated roller  
CR (2wt. %) 
980 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
777 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
533 
0.75-0.65 
0.65-0.55 
0.55-0.45 
0.45-0.35 
0.35-0.25 
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3.4.4 Other experimental equipment 
To measure the weight of the prepared epoxy samples, a Setra weight scale (±0.01 g) 
was used to determine the weight of the epoxy samples before and after each test. The 
same weighing scale was also determined the weight of the sorghum seeds samples 
before and after each test, and to analyse the output parameters. A roughness profile 
machine of Mahr make was used to determine the roughness of the surfaces of rollers 
in the milling machine (uncoated rollers and coated rollers with two types of coated 
materials) before and after each test. After each test, surface morphology of the seed 
sorghum and epoxy samples, was studied using scanning electron microscopy (SEM/ 
Jeol) and/or optical microscopy.  
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4 Chapter 4: Interaction of sorghum seeds against 
nano-clay epoxy composites under different 
conditions 
4.1 Introduction  
This chapter addresses the characteristics of the sorghum seeds and their interaction 
with the nano-clay epoxy composites. Six different contents of nano-clay in the epoxy 
composite are considered as (0wt. %, 1wt. %, 2wt. %, 3wt. %, 4wt. %, and 5wt. %). 
Individually, the compressive properties of the seeds and nano-clay epoxy composites 
are introduced along with the micro fracture behaviour of both materials. The results 
of the adhesive tests of the nano-clay epoxy composites against mild steel materials 
are given in this chapter. The interaction behaviour between the sorghum seeds and 
the surface of the nano-clay epoxy composites under compressive loading condition is 
also addressed. At the end of the chapter, preliminary results on the three body abrasive 
wear of different thermoset material epoxy and polyester under different loads and 
sizes of abrasive particles under high stress loading condition are given. At each 
section of the chapter, a comparison with the previous works is made and current 
thought is given.  
4.2 Compressive properties of sorghum and nano-clay epoxy 
composites  
The following section presents the results related to the behaviour of sorghum seed 
and nano-clay composites containing different amounts of nano clay under 
compressive loading. Micrographs of fractured specimens of both the seed and 
composites have examined to explore the mechanisms of fracture. 
4.2.1 Sorghum seeds   
Stress-strain curves obtained from compression testing of twenty seeds of sorghum are 
displayed in Figure. 4.1. In general, an increase in stress occurred until the strain 
reached about 4 % – 6 % followed by fluctuated values. This can be observed in most 
of the curves given in the Figure. At the first stage, a clear elastic region can be seen 
which may represent the resistance to the deformation occurring in the seeds (non-
permanent). In other words, no failure is taking place at the level of 4 % – 6 % in the 
strain.  
At the same time, the yield stress can be found to be in the range of 10 MPa to 15 MPa. 
The modulus of elasticity for all the seeds was determined and was found to be as 310 
MPa. After the yielding point, some of the trends of the compressive strength 
fluctuated indicating the presence of a failure process. However, it also indicates that 
resistance to the failure is apparent during the permanent deformation (plastic 
deformation), i.e. there is no cleavage failure (brittle). On the other hand, there are few 
trends showing no plastic region and that the failure took place straight after the yield 
point which representing the high brittleness of the seeds. The average of the maximum 
compressive stress for the trends is calculated and found to be about 18.5 MPa.  
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Figure 4.1: Stress-strain behaviour of sorghum seeds under compression test for twenty seeds samples 
There are different influential parameters which determining the compressive 
behaviour of the sorghum. These include variation in the characteristics of the seeds, 
variation in the moisture content, and complexity of sorghum structure. For  
the variation in the characteristics of the seeds, it is well known that the properties of 
the seeds are varied despite being collected from the same plant. The sorghum seeds 
used in the experiment had a variation in dimensions, (± 0.42) in length to record an 
average of 4.76 mm, (± 0.31) in width to show an average of 4.00 mm and (± 0.25) in 
thickness to record an average of 2.81 mm for testing one hundred seeds and the same 
is shown in Figure 4.2. 
 
Figure 4.2: The shape of sorghum seeds which was used in all experiments   
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Lee, Pedersen and Shelton (2002), Liu et al. (2012) and Frederick (2009) reported that 
the compressive behaviour of sorghum seeds varies despite the same conditions of the 
seeds and conditions of testing. This explains the current variation in the trends of  
the compressive strength of the sorghum seeds. Further, it should also be mentioned 
that tests was done under the moisture content of the sorghum within the range of 11 
– 12 % wb (± 0.92). Such small variation in the moisture content may have an impact 
on the compressive behaviour of the sorghum. Mwithiga and Sifuna (2006) and 
Fernholz (2008) found that moisture content significantly controlled the compressive 
behaviour of the sorghum. For further clarification and understanding, the micrographs 
of the fractured seeds are presented and discussed in the following section. 
4.2.2 Observation on the fractured surface of sorghum seeds  
In Chapter 3 (Section 3.2), it was mentioned that the sorghum seed consists of  
a pericarp (outer layer), endosperm (storage tissue) and germ (embryo). After the 
compressive testing were conducted, the micrographs of the fractured seeds were 
taken, and these are presented in Figure. 4.3 a-h showing different fracture 
mechanisms at different regions on the surface of the seeds. Figure. 4.3 a gives a 
general overview on the fractured seeds showing different regions and fracture 
mechanisms. In addition, part of the seed was removed due to the fractured.  
At higher magnification, Figure. 4.3 b shows the initiations of micro-cracks which 
developed into macro-cracks in different areas on the pericarp. This indicates that 
failure began with those two fracture mechanisms (micro and then macro cracks). Due 
to the compressive loading during the test, the macro-cracks enlarged Figure. 4.3 c 
and split the seed into different pieces however, some of the small fractured pieces 
reunited and adhered to each other in some regions. This could explain the fluctuation 
in the stress strain diagram shown in Figure. 4.1. In other words, the seeds are 
fractured in different stages with the increase of the load. When the applied load are 
focused in one regions (c.f. Figure. 4.3 c) the upper layer fractured and absorbed the 
compressive energy. Meanwhile, the lower regions of the seeds bulk (endosperm) 
obtained less compressive load after the fracture appeared on the surface of the seeds. 
In Figure. 4.3 d, the pericarp suffered from tearing and pulling out of fibres in a 
perpendicular direction to the applied load which, in turn, caused the macro-cracks in 
the pericarp.  
In other regions of the fractured seed (endosperm), Figure. 4.3 e shows that 
detachment of the tissues took place, especially in the region closer to pericarp. In the 
magnified micrographs, Figure. 4.3 f shows that the endosperm suffered from a 
fragmentation mechanism which suggests brittle failure, i.e. a flat surface of the 
fractured seed representing the cleavage failure. This supports some of the stress stain 
trends in Figure. 4.1, which exhibit brittle failure. In Figure. 4.3 g, the micrograph of 
the bonded area between the endosperm and pericarp suffered from detachment in 
some areas which, in turn, exposed the endosperm to the surface. The fluctuation in 
the failure resistance after about 4 % strain in Figure. 4.1 could be explained by a 
pericarp broken through micro and macro cracking, exposure of the endosperm 
(tissue); both of them resisting the compressive load. This can be seen in  
Figure. 4.3 h in which micro cracks can be seen on the endosperm surface without 
further damaged into the surface. 
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The results of the stress-strain curves in Figure 4.1 (for sorghum seeds) agree with 
previous published works on different kinks of seed  (Dobraszczyk et al. 2002; 
Dobrzański & Stępniewski 2013). It has been reported that, in stress-strain curves for 
different cereal seeds in compression tests, the elastic region (which is determined in 
initial upward slope) represents non-destructive deformation for the seeds and with 
gradual increase in pressure, sudden plastic failure occurs due to rupture with 
permanent tissue damage. Damage starts at the coat (pericarp) and moves to the 
endosperm, and the seed behaves as brittle material. Ponce-García et al. (2008) also 
concluded that, regardless of moisture content and types of wheat, wheat kernel 
showed elastic behaviour and then trended to permanent deformation in the plastic 
region. On the other hand, Dziki (2008) found that, two varieties of wheat having 
different moisture content showed many kinds of failure mode from pericarp to 
endosperm after getting crushed under compression. In addition, Campbell, Fang and 
Muhamad (2007) found that wheat with a lower level of moisture content in the first 
break (compression) generated large proportions of large and small particles and that 
this is similar with what found in the fracture mechanism of sorghum seeds, as shown 
in Figures 4 .3 a-h.  
From above, it could be see that the compression test caused the seeds to fracture by 
different mechanisms with a maximum stress of 18 MPa and strain of 6 %. This 
difference in fractures comes from the variation in the size and moisture content level 
of the sorghum seeds. Knowing the maximum stress and strain of sorghum seeds with 
the kind of fracture can help to understand the manner in which the fracture may take 
place in sorghum seeds in roller milling especially if the roller ruptures the seeds by 
dominating compression force only when the differential speed between the two rollers 
is 1 : 1.  
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Figure 4.3: Scanning electronic microscopy images of fracture of sorghum seeds due to compression 
loading 
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4.2.3 Compressive behaviour of epoxy composites with different 
percentage of nano-clay contents  
The compression test data of the epoxy composite materials with different nano-clay 
concentrations (0 wt. %, 1 wt. %, 2 wt. %, 3 wt. %, 4 wt. %, and 5 wt. %.) are presented 
in Figure. 4.4 a–f. Each test was repeated five times and the figures are displayed as 
stress against strain. In general, the compression behaviour of the nano-clay epoxy 
composites exhibits a similar trend in the elastic regions, and this is noticed in all of 
the curves presented. In addition, there is no remarkable variation in the values of stress 
and the strain for each set of tests which indicates good accuracy of the experiment. 
From the figures, one can observe that there is a clear elastic region. After reaching 
the peak value of the stress, there is a drop in the resistance of the composites to  
the compressive load indicating the failure of the materials. However, it can be seen 
that the strain increases despite the drop in the value of the stress. This is expected 
since the load smashing the composites samples. Jumahat et al. (2012) reported similar 
findings when they used different nano-clay types with the epoxy composites. In that 
work, concluded that the presence of voids in the sample was the main reason of  
the failure despite the homogeneous distribution of second phase in the matrix. With 
other types of fillers, Kim et al. (2010) showed similar trends to the one given in 
Figure. 4.4 when carbon/epoxy composites were tested. However, from both the 
works it could be said that, the addition of nano clay improves the compressive 
characteristics of the composites and nano clay is a comparable candidate to the carbon 
fibres.  
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Figure 4.4:  Compressive stress-strain behaviour of different percentages of nano-clay epoxy composites 
material 
The average of each set of tests is determined and Presented in Figure. 4.5 which 
illustrates the stress strain trends of all the selected nano-clay epoxy composites. One 
can see a significant increase in the stress, which reaches approximately 180 MPa in 
(5wt. %) nano-clay epoxy composite compared to (0wt. %), which showed a stress 
value below 100 MPa. The lowest stress under 100 MPa was exhibited when  
the concentration of nano-clay was zero in epoxy composite. Stress started to increase 
around 64 % in (5wt. %) to record above 180 MPa compared to 110 MPa in (1wt. %) 
of nano-clay in the epoxy composite. From ductility point of view, a relatively higher 
concentration of (5wt. %) nano-clay in the epoxy matrix reduces the strain by 
approximately 14 % compared to (0wt. %). There could be two reasons for  
the reduction in the ductility of the composites due to the addition of the nano clay 
especially with the higher percentage. One of the reason is adhesion of the nano clay 
with the matrix and the clustering issue as reported previously by  (Jumahat et al. 
(2012). Another thought is the fact that the nano clay is brittle material and the addition 
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of it to the thermoset composites can improve the strength but reduces the ductility. 
Singh and Ghosh (2014) studied the torsional, tensile and structural properties of 
acrylonitrile–butadiene–styrene clay nano composites and found that (2wt. %) of  
the nano-clay is the optimum weight percentage to maintain good properties, i.e. 
higher percentage deteriorates the tensile and torsion properties of the composites.   
 
Figure 4.5: The effect of nano-clay epoxy composite material on the compressive stress-strain behaviour 
For comparison, the summary of maximum compression strength and modulus of 
elasticity of the epoxy composite material with different nano-clay concentrations are 
shown in Figures 4.6 and 4.7.  
 
Figure 4.6: Effect of nano-clay epoxy composites material on maximum compression strength 
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The increase in nano-clay epoxy composite to (2wt. %) led to an enhanced modulus of 
elasticity to about 31 % , recorded at 3.3 GPa in contrast with (0wt. %) nano-clay epoxy 
composite 2.5 GPa. However, there was an increase of 12 % in (5wt. %) nano-clay to 
record 3.7 GPa compared to the two weight percent, as illustrated in Figure 4.7.  
A comprehensive discussion on the observed behaviour is included in the surface 
observation section (see Section 4.2.4).   
 
Figure 4.7:  Effect of nano- clay epoxy composite material on modulus of elasticity in compression test 
Previously published research works on compression testing found that nano-clay 
additives to epoxy matrix contribute to an increased maximum strength, modulus of 
elasticity and decreasing ductility with an increase in nano-clay additive for more than 
(2wt. %),  (Jumahat et al. 2012; Shokrieh, Kefayati & Chitsazzadeh 2012). In addition, 
it has also been reported that compression strength along with increasing percentage 
of nano-particles to a certain amount could be due to the well adhered filler and 
reinforcing capacity of the nano-particles (Lin 2007). In pure epoxy, the main 
compressive failure mode is the initiation of cracks in the direction of compression as 
a result of the side expansion while, in case of nano-composites, the increased modulus 
of elasticity delays the crack initiation. Hence, increasing nano-clay content results in 
an increase in the modulus of elasticity with lower strain values (Gupta, Lin & Shapiro 
2007). In addition, enhancement in mechanical properties of nano-clay epoxy 
composite comes from the fact that nanoscale particles have an enormous surface area 
and the interfacial area between two intermixed phases in a nano-composite is larger 
than the traditional composite. This leads to increased bonding between the particles 
and the matrix. Such a mechanism has been observed previously with various nano-
particles (Albdiry & Yousif 2014; Gojny et al. 2004; Lau, Lu & Hui 2006; Lin 2007).  
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4.2.4 Observation of the fractured surface of nano-clay epoxy 
composites  
The micrographs of the fractured surface of the specimens having different 
percentages of nano-clay content in the epoxy matrix are shown in Figure 4.8 a-h. 
Figure 4.8 a-b represents the micrograph of (0wt. %) of nano-clay epoxy composite. 
Figure shows smooth and featureless fractures as sharp-lip, crackers and river-like, 
demonstrating very fast and straight crack propagation. This could be due to its brittle 
failure in a homogenous material. (Kinetix R246TX) Epoxy is a brittle material which 
is confirmed by recent published work by Shalwan and Yousif (2014). In that work, 
the tensile results revealed an elastic deformation only, i.e. the absence of the plastic 
deformation confirms the high brittleness of the pure epoxy. Such failure in pure epoxy 
has been reported by some published works (Alamri & Low 2012; Alamri. & Low. 
2012; Zainuddin et al. 2009).  
Figure 4.8 c, it is clear that the fracture surface in (2wt. %) nano-clay epoxy composite 
tends to become tough, indicating the fracture region as a river-lip, fragmentation and 
fracture. In addition, there is some softening region in Figure 4.8 d.  
In Figure 4.8 e, indicates a resistance to fracture upon application of load. Softening 
fragmentation is very clear in Figure 4.8 f, where few clay particles appear on the 
fractured surface. It is clear that the nano-clay interface with epoxy seems to be 
acceptable compared to the literature on the granite/epoxy (Ramakrishna, Priya & Rai 
2007), carbon-fibre /epoxy (Kandare et al. 2015) and  nano-clay/epoxy (Zainuddin et 
al. 2009) fillers at this weight of nano-clay. For (4wt. %) nano-clay in epoxy 
composite, the fracture samples are displayed in Figure 4.8 g-h, where high brittle 
fracture, decomposition and fracture are observed. This could be due to the clay 
particles which were exposed and propagated in the fracture surface when high load 
was applied. This justifies the highest decrease in strain between zero and four weight 
percent nano-clay in Figure 4.5.  
From the above, it can be seen that the micrograph of the fracture surface at two weight 
percent was the optimum. This can be explained by less porosity of the two weight 
percent and fewer cracks, which led to better compressive strength as shown in Figure 
4.5, and is in agreement with (Zainuddin et al. (2009). Moreover, an increase in nano-
clay concentration in the epoxy matrix results in premature failure. In other words, the 
agglomeration of clay particles at higher clay concentration results in lower 
mechanical properties because of a lowering of polymer/clay surface interaction and 
of filler surface area (Miyagawa & Drzal 2004; Miyagawa et al. 2005)   The nano-clay 
additives with certain percentage are in agreement with other works published on 
epoxy matrix (Azeez et al. 2013; Shokrieh, Kefayati & Chitsazzadeh 2012).  
In conclusion, increasing nano-clay percentage in epoxy material enhanced the stress 
in compression test but it decreased the strain and made the composite to fracture 
straight away due to brittleness of the composite. This test gives a potential of using 
nano-clay epoxy composite under specific percentage in roller milling as a coating 
material. In addition, the results showed that maximum stress and modulus of elasticity 
in compression caused to fracture the composite were 130 MPa and 3.34 GP in  
(2wt. %) of nano-clay in epoxy material compared to 15 MPa and 310 MPa the 
maximum stress and modulus of elasticity to fracture the sorghum seeds in 
compression test respectively. In addition, (2wt. %) of nano-clay in epoxy showed 
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remarkable observation of fracture which was less compared to (0wt. %) and (4wt. %) 
due to better linking between nano-clay and epoxy matrix. After investigating  
the difference in compression force between sorghum seeds and nano-clay epoxy 
composites, the next stage was to test the force that nano-clay epoxy composite can 
bear when it is used as a coated layer on the rollers surface in milling machine which 
is the adhesion force. That test was conducted by using single lap joint technique.  
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Figure 4.8:  Scanning electronic microscopy images of fracture nano-clay epoxy composites samples in 
compression loading test. 
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4.3 Adhesive properties of epoxy nano-clay composites with 
mild steel Single lap joints 
The work presented in this section studies the behaviour under tensile testing of steel 
single lap joints as an adherent material with different percentages of nano-clay with 
epoxy matrix as an adhesive material. After the tensile test, the fractured behaviour of 
the adhesion nano-clay epoxy composites was studied by mean of scanning electron 
microscopy. 
4.3.1 Load-deformation curves of tensile test for adhesive single lap 
joints with different percentages of nano-clay epoxy composites  
Figure 4.9 shows the load-deformation curves for each set of single lap joints adhesive 
by nano-clay epoxy composite. In each set, there are five repeating samples, according 
to different nano-clay concentrations (0wt. %, 1wt. %, 2wt. %, 3wt. %,  
4wt. %, and 5wt. %.) in epoxy matrix. In general, the tensile test behaviour of  
the adhesive nano-clay epoxy composites displayed a comparable trend in the elastic 
regions and this can be observed in all curves presented in each set. Furthermore, there 
is not much variation in the values of the load as well as deformation for each set which 
points to the good accuracy of the experiment. It should be mentioned that the error 
percentage in the experiments is about 10 %. Increasing the nano-clay amount in the 
epoxy matrix to a specific amount resulted in an enhanced adhesive property in terms 
of load in the tensile test, then load decreased with a further increasing of nano-clay. 
In addition, increasing nano-clay percentage led to a decrease in the deformation rate.  
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Figure 4.9: Load-deformation curves of tensile behaviour for adhesive single lap joints with different 
percentages of nano-clay epoxy composites 
For clarification, a summary of maximum load of adhesive nano-clay epoxy 
composites with single lap joints is shown in Figure 4.10 for different percentages of 
nano-clay concentration. The Figure shows a slight increase in the maximum load in 
tensile test for (2wt. %) nano-clay concentration. There is an increase of about 15 % 
in the maximum load as one moves from (0wt. %) to (2wt. %) nano-clay composite. 
An increase in nano-clay content from (2wt. %) to (5wt. %) in composite results in a 
significant reduction in maximum load to about 43 % from 3 kN to 1.8 kN. 
One may observe a large deviation in values of maximum load for each sample as 
indicated by error bars in Figure 4.10. There are several factors which cause such 
larger variations including distribution of the nano clay on the adhered surfaces, the 
microstructure of the composite layer, and the inner structure of the later in term of 
thickness. Similar behaviour has been reported in the adhesive properties of synthetic 
fibres with epoxy (Nam et al. 2014).  
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Figure 4.10: Maximum load in tensile behaviour of the single lap joints adhesion with different percentage 
of nano-clay epoxy composites 
4.3.2 Shear stress-strain curves of tensile test for adhesive nano-clay 
epoxy composites with steel single lap joints. 
Tensile data were obtained from a tensile test machine and plotted in terms of shear 
stress versus strain for different concentrations of nano-clay with epoxy matrix as 
adhesive material with steel single lap joints as shown in Figure 4.11 a-f.  In general, 
shear-strain curves of nano-clay epoxy composites exhibited a similar trend in elastic 
regions that can be noticed for all the curves presented. In addition, there is little 
variation in the values of the shear stress and the strain for each set of tests which 
indicates good precision of the experiment. It should be mentioned that the error 
percentage in the experiments is about 15 % for entire experiment. From the ductility 
point of views, it seems that the addition of the nano clay reduces the strain of  
the composites to around 33 % from (0wt. %) to (5wt. %) of nano-clay. This could be 
due to the fact that the nano-clay is a brittle material. Further details showing failure 
mechanism for adhesive material and how different proportions of nano-clay in epoxy 
matrix can change or reveal different mechanism of failure surface of adhesive 
material in single lap joint testing are given in section (4.3.3). 
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Figure 4.11: Shear stress-strain curves of tensile behaviour for adhesive single lap joints with different 
percentages of nano-clay epoxy composites. 
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To summarize, the maximum shear in the tensile tests for different nano-clay epoxy 
composites are given in Figure 4.12. In general, the maximum enhancement in the 
shear behaviour of the nano-clay epoxy composites increased by 14 % at the nano-clay 
concentration of (2wt. %) compare to (0wt. %) in the epoxy matrix. The worst shear 
stress behaviour of nano-clay epoxy composite was observe for (5wt. %) composite 
which showed a decrease of 33 % in shear stress as compared to (0wt. %). 
 
Figure 4.12: Maximum shear in tensile behaviour of the single lap joints adhesion with different percentage 
of nano-clay epoxy composites 
The improvement in the mechanical property in terms of tensile testing (load and shear 
stress) for nano-clay epoxy composite in specific concentrations as adhesive material 
may be explained on the basis of several factors like the type of epoxy resin and 
hardener used in the study, the size of nano-particles used in as a filler create strong 
reinforcement. For the first explanation, the structure of the epoxy resin and hardener 
strongly depend on their chemical properties and the number of reactions between  
the hardener and material as reported by Vietri et al. (2014). For the second 
explanation, nano-filler demonstrates remarkable properties with polymers because it 
possesses a large surface area per unit volume in a range between 1 and 100 nm as 
mentioned by Luo and Daniel (2003) and Pavlidou and Papaspyrides (2008). In has 
been reported that, specific amounts of nano-clay platelets may exfoliated in the 
polymer and were disperse very well whereas, the immiscible systems with large nano-
clay agglomerations remained when an excessive amount of nano-clay is added to 
polymer. 
The epoxy network can plasticize and the crosslinking density decrease due to  
the agglomerated nano-clay platelets (Kim & Kim 2013; Sancaktar & Kuznicki 2011). 
The results above are in agreement with the finding of Zhai et al. (2006), Zhai, Ling 
and Wang (2008), Kim and Kim (2014), Sancaktar and Kuznicki (2011) and Vietri et 
al. (2014). They found that nano-clay additives to the epoxy matrix in a specific less 
amount results in an increase in the mechanical properties of nano-clay epoxy 
composites as a adhesive material. 
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From above, it could be seen that (2wt. %) of nano-clay epoxy composite improved 
results in load and shear when used as an adhesive material with mild steel for single 
lap joints. The two weight percentage of nano-clay was dispersed very well in epoxy 
matrix compared to high or less amounts of nano-clay and this might have resulted in 
strong adhesion with other material such as mild steel. Further explanation for  
the observation failure of adhesive surfaces is given in the next section.  
4.3.3 SEM observation on the fracture surface of adhesive nano-clay 
epoxy composites with steel single lap joints 
The micrographs of the fracture surfaces of the adhesive nano-clay epoxy composites 
at different percentage are shown in Figures 4.13, 4.14 and 4.15. The micrographs of 
the failed (0wt. %) of nano-clay epoxy composite samples after the test are given in 
Figure 4.13 a-d. Since the micrographs are for the (0wt. %) nano-clay epoxy 
composite, there are no initiators for the cracks. The Figure clearly shows a cleavage 
failure which represents the nature of the thermoset epoxy as an adhesive material as 
appeared in Figure 4.13 a. In general, the failed surface looks smooth except in the 
separation region where there is a crack, fracture, debris and detachment features as 
shown in Figure 4.13 b-d.  The material showed a sign of shear loading and 
detachment from the adherent material (steel material). The observation of (0wt. %) 
nano-clay epoxy composite agree with the results of load and shear (Figure 4.10 and 
4.12) since a lower value has been found for (0wt. %) in comparison to composites. 
Such failure has also been reported by Kim and Kim (2013).  
 
Figure 4.13:  Scanning electronic microscopy images of adhesive failure surface for (0wt. %) nano-clay 
epoxy composite with single lap joints under tensile testing. 
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Figure 4.14: Scanning electronic microscopy images of adhesive failure surface for (2wt. %) nano-clay 
epoxy composite with single lap joints under tensile testing 
For (2wt. %) nano-clay in epoxy composite, the micrographs of the fractured samples 
are displayed in Figure 4.14 a-d. Although, in Figure 4.14 a there is a detachment 
failure, the figure shows sign of high resistance to the shear due to the strong adhesive 
layer with the adherent steel material, which seems to be an effect of the specific 
amount of nano-clay filler. At a higher magnification, Figures 4.14 b and 4.14 c 
display strong interaction between the nano-clay and epoxy matrix with little failure. 
There is just a region of cracks and fragmentation. This represents good interfacial 
adhesion of the filler with the matrix at a relatively lower weight content of nano-clay.   
It should be mentioned here that, in the fabrication process of the nano-clay/epoxy 
composite, a stirring process (1 hour) was required before the solidification process 
occurred to assist dispersion of the nano-clay and remove the bubbles. This technique 
may have contributed to better homogenisation of composites.  
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Figure 4.15: Scanning electronic microscopy images of adhesive failure surface for (4wt. %) nano-clay 
epoxy composite with single lap joints under tensile testing 
At a relatively higher weight percentage of nano-clay in the epoxy composite  
(4wt. %), the micrographs Figure 4.15 a-d of the fractured samples display higher 
brittleness of the nano-clay epoxy composite as an adhesive material. It seems a large 
amount of nano-clay significantly deteriorates the microstructure of the composites, 
leading to cracking and a fragmentation process (See Figure 4.15 b-c). Despite the 
long (1 hour) stirring process in the fabrication process, the large percentage of nano-
clay in the composites influenced the quality of the composite mixing and integration 
between the fillers and the resin during the curing process making it more brittle 
compared with (2wt. %) nano-clay in the epoxy composite. This correlates with other 
published works on nano-clay/epoxy (Alamri. & Low. 2012; Kim & Kim 2014).  
In conclusion, (2wt. %) of nano-clay in epoxy matrix Figure 4.14 a exhibits better 
resistance to fracture and interracial bonding compared to (0wt. %) and (4wt. %) of 
nano-clay in epoxy matrix as evident from Figures 4.13 a and 4.15 a, respectively. 
However, there is high damage and fracture mode in the surface of the adhesive 
material in (0wt. %) and (4wt. %), (See Figures 4.13d and 4.15d) in contrast with 
(2wt. %) as shown in Figure 4.14 d. The better resistance and interracial bonding of 
(2wt. %) can be correlated with better mechanical properties (See Figures 4.10 and 
4.12).  
However, from the results of the tensile experiments and the surface observations, one 
can recommend that (2wt. %) of the nano-clay is the maximum amount for reasonable 
and acceptable mechanical and microstructural characteristics. In addition, these 
results demonstrate that (2wt. %) of nano-clay epoxy composite can be a potential 
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material to be used as a coating on the surface of mild steel rollers used in milling 
machines because the force required to fracture or separate the coated layer of  
(2wt. %) of nano-clay from adherent material (mild steel) in the surface of the rollers 
will not the same as in single lap joints test. That force could be less due to effect the 
main factors in roller milling machine such as, rotational speed of the rollers and gap 
between the rollers in milling machine.  The next investigation is focused on the effect 
of the main force on the coating of nano-clay epoxy composites on the rollers used in 
milling machine.  
This force is the required compressive force to fracture sorghum seeds on coating layer 
on mild steel. In this investigation, the effect of that force which mentioned above on 
the fracture mechanisms of sorghum seeds and coating material was studied. An 
experiment simulates the compression force required to fracture sorghum seeds against 
coated layer of nano-clay epoxy composite over a cube of mild steel as it is present in 
roller milling machine.       
4.4 Interactions behaviour of sorghum seed against  
nano-clay epoxy composites under compressive loading 
conditions 
This section presents the results on the compression tests of sorghum seeds compressed 
against the mild steel surface coated with the nano-clay epoxy composite. After the 
compression test, the fracture behaviour of the sorghum seeds, as well as coated layer 
of nano-clay epoxy composites, have been examined by means of scanning electron 
microscopy and the results of the same also been included. 
4.4.1 Compressive behaviour of sorghum seeds against epoxy 
composites with different nano-clay epoxy composites as a coated 
layer   
The compression test data of the sorghum seeds against coated nano-clay with different 
concentrations (0wt. %, 1wt. %, 2wt. %, 3wt. %, 4wt. %, and 5wt. %.) in the epoxy 
matrix are presented in Figure 4.16 a–f. Each test was repeated twenty times 
representing the number of sorghum seed on one layer of coated nano-clay epoxy 
composite on steel material, and the figures are displayed as stress against strain. In 
general, the compression behaviour of sorghum seed with nano-clay epoxy composites 
exhibit a similar trend fluctuating or noisy behaviour and in elastic and plastic 
behaviour for the sorghum seeds compared to normal compression. The noisy 
behaviour is due to the variation in the dimensions of sorghum seeds and moisture 
content levels as mentioned in previous section (see Section 4.2.1) that can be noticed 
in all curves presented in Figure 4.16 a–f. The failure of sorghum seeds began to occur 
at the level of 10 % strain. At the same time, the yield stress was found to be in the 
range of 10 MPa to 15 MPa.     
In addition, the strain rate of the coated layer nano-clay epoxy composite was reduced 
by about 15 % between (0wt. %) and (5wt. %). The elastic regions in these figures 
demonstrate that the outer layer of the seed represents the harder part of the sorghum 
seeds and that it was elongated due to the compression effect until reaching permeant 
deformation and then fracturing occurred. In addition, the deeper part of the seed is 
softer (endosperm) than outer layer (pericarp) and this fact is in agreement with 
Dobrzański and Stępniewski (2013) and Dobraszczyk et al. (2002). For further 
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clarification and understanding, the micrographs of the fractured seeds under different 
concentrations of nano-clay epoxy composites are presented and discussed in the 
following section.   
 
Figure 4.16: The effect of compression test of sorghum seeds with different percentages of nano-clay epoxy 
composite as coating layer on steel material 
The average of each set of tests are determined and represented in Figure. 4.17 which 
shows the maximum stress trend of all the selected sorghum compression against 
different concentrations of nano-clay epoxy composites. The stress values are found 
to fluctuate 21 MPa in (0wt. %) nano-clay in epoxy composite compared to 18 MPa in 
(5wt. %) nano-clay in epoxy composite. The fluctuations are believed to be mainly due 
to the variation in size and moisture content in sorghum seeds despite the fact that  
the seeds were collected from the same plant. These results are in agreement with  
the results in section (4.2.1) and the coating layer of nano-clay epoxy composites have 
had no effect on the maximum stress of sorghum seeds.  
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Figure 4.17:  Effect of nano-clay epoxy composites material as coated layer on maximum compression 
strength of sorghum seeds 
The summary of strain for compression of both sorghum and nano-clay epoxy 
composite with different concentrations of nano-clay in epoxy composite is shown in 
Figure 4.18. The Figure shows that (0wt. %) nano-clay concentration recorded strain 
value of 20.5 % in the compression test. The strain decreases by 3 % in comparison to 
epoxy as one moves from (0wt. %) to (3wt. %) nano-clay composite. In addition, 
the decrease in strain is significant about 17 % in comparison to (0wt. %) as seen by 
the reduced strains in (4wt. %) and (5wt. %) nano-clay composite.  
 
Figure 4.18: The effect of compression testing of sorghum seeds on strain for sorghum seeds and 
percentage for different content of nano-clay epoxy composites as a coated layer on steel material 
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For clarification, the strain for nano-clay epoxy composites as a coated layer on steel 
material are shown in Figure 4.19.  A higher concentration of (5wt. %) nano-clay in 
epoxy matrix reduces the strain by approximately 38 % compared to (0wt. %) which 
recorded 1.30 % compare to 2.08 %. It seems that the addition of the nano clay reduces 
the strain of the composites. This is due to the fact that the nano-clay is a brittle 
material. The strain results in this test are in agreement with the compression test 
discussed in Section (4.2.3). The results reveal that nano-clay concentration in  
the epoxy composite affects the strain of the matrix. (2wt. %) concentration of nano-
clay in the epoxy composite is the optimum concentration in which there was less 
decline to the strain of the matrix. Further discussion is given in the surface observation 
section for nano-clay epoxy composites against sorghum seeds compression. 
 
 
Figure 4.19: The effect of compression testing of sorghum seeds on strain percentage for different content 
of nano-clay epoxy composites as a coated layer on steel material 
4.4.2 Scanning electronic microscopy observation on the fracture 
surface of sorghum seeds due to compressive loadings against 
nano-clay epoxy composites 
After carrying out the compression testing of sorghum seeds against nano-clay epoxy 
composites as a coated with steel material, the micrographs of the fractured seeds were 
taken and these are presented in Figure. 4.20 a-f which shows different fracture 
mechanisms in different regions of the sorghum seeds due to compression test of 
different percentages of nano-clay epoxy composites as a coated layer on steel 
material. Figures. 4.20 a-b in (0wt. %) nano-clay epoxy composite shows a general 
overview on the fractured seed, showing different fracture regions with cracks and 
fractures on pericarp, Figure 4.20 a.  In addition, part of the seed was removed due to 
the fracture.  
At higher magnification, Figure. 4.20 b displays initiations of micro-cracks which 
grew to become macro and then cracks in different regions in the cells (endosperm). 
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This indicates in Figure 4.20 a-b that the failure was started with these two 
mechanisms, cracks in shell in the hard part (pericarp) then macro cracks and cracks 
in the soft part of the seed endosperm. In (2wt. %) nano-clay epoxy composite Figures 
4.20 c-d, the shell of the sorghum seed (pericarp) first began to be squeezed and then 
started fracturing. The magnified micrographs, Figure 4.20 d shows the detachment 
of the tissues taking place especially in the region close to the pericarp, and the 
compression resulting in cracks in the soft part of the seed (endosperm).  
Figure. 4.20 e-f displays the fracture behaviour of sorghum seed in the (4wt. %) 
nano-clay epoxy composite. The pericarp suffered from tearing, breakage and pulling 
out of fibres in a direction perpendicular to the applied load which, in turn, let to the 
detachment in the pericarp, Figure 4.20 e. Due to the compressive loading during the 
test, the macro-cracks grew to become full-fledged cracks Figure. 4.20 f and split  
the cells in the endosperm into different pieces. However, some of the small fractured 
pieces reunited and got adhered to each other.  
In conclusion, the mechanism of fracture of the sorghum seeds under different coated 
layers of nano-clay epoxy composite (0wt. %, 2wt. % and 4wt. %) was the same in that 
the fracture began in the hard part of the seeds which is the pericarp with high stress 
and low strain, when the shell (pericarp) failed, the fracture (with different 
mechanisms) transferred to the second part of sorghum seeds which is the brittle part 
(endosperm) and caused splitting of cells under stable stress and high strain as 
compared with results in Figure 4.16 a-f. For the three selected percentages of coated 
layer nano-clay epoxy composites in the higher magnification (Figures 4.20 d),  
the fracture caused the cell to split with less damage compared to a normal 
compression test for sorghum seeds (see Section 4.2.2 and Figure 4.3h). Hence, it 
could be said that coating of the nano-clay epoxy help in improving the fracture 
behaviour of sorghum seeds. Additionally, it is also indicates that this composite can 
be a potential candidate for on rollers of milling machine. Hence, a study is also 
conducted to its effect on the quality of milled sorghum seeds and milling performance 
compared to uncoated rollers due to the effect of coating of nano-clay epoxy 
composites itself on seeds and the potential of changing the dimensions of roller 
corrugations when nano-clay epoxy composites are present as a coated material on 
rollers surface.  
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Figure 4.20: Scanning electronic microscopy images of fracture surface of sorghum seeds due to 
compression against nano-clay epoxy composites samples  
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4.4.3 Scanning electronic microscopy observation on the fracture 
surface of coated layer of nano-clay epoxy composites due to 
compressive loadings against sorghum seeds  
The micrographs of the fracture surface of the coated layer of nano-clay epoxy 
composites at different percentages due to compressive loading against sorghum seeds 
are shown in Figure 4.21 a-f. The micrographs of the failed (0wt. %) samples after the 
test are given in Figure 4.21 a-b. Since the micrographs are for the (0wt. %) nano-clay 
epoxy composite, there are different kinds of fracture and deformation in epoxy.  
In addition, there is seed debris with the epoxy layer as seen in Figure 4.21 a.  
In Figure 4.21 b the deformation of the surface and the adhered debris was clearer. 
The Figure clearly shows a cleavage failure, which represents the nature of the 
thermoset epoxy as coated layer.  
Figure 4.21 c-d represents (2wt. %) nano-clay epoxy composite. The material shows 
a sign of resistance to failure compared to (0wt. %) nano-clay epoxy composite, 
detachment and debonding of nano-clay as well as the adherence of nano-clay and seed 
debris could also be observed on the surface.  
At relatively high weight percentage of nano-clay in the epoxy composite (4wt. %), 
the micrographs (Figure 4.21 e-f) of the fractured samples display a more brittleness 
of nano-clay epoxy composite as coated layer. It seems that a large proportion of nano-
clay contributes to a deterioration of the composite’s microstructure, leading to severe 
damage and particle loss in the layer where seeds debris is present. The brittleness of 
the coated layer is greater in the (4wt. %) nano-clay epoxy composite compared to  
the (2wt. %) and (0wt. %) nano-clay epoxy composite because of increased nano-clay 
content which results in less strain. In other word, the accumulation of clay particles 
at higher clay concentration, results in lower mechanical properties because of a 
lowering of polymer/clay surface interaction (see Figure 4.19). From the above, it can 
be seen that the micrograph of the fracture surface at (2wt. %) is the optimum it terms 
of resistance to fracture compared to (0wt. %) and (4wt. %) as shown in Figure 4.21. 
This can be explained by lower porosity of the two weight percent and less 
deformation, which led to better compressive loading against sorghum seeds with 
better adhesion with the steel material which is in agreement with the results of 
compression testing (see Section 4.2.3) and adhesion testing (see Section 4.3). 
The results above support that (2wt. %) of nano-clay in epoxy material is optimum to 
be used as a coated layer on mild steel rollers in milling machine due to remarkable 
results in mechanical tests and may contribute in improving the quality of milling 
product as well as the milling performance. Because the roller in milling operation are 
exposed to wear due to three body abrasion, so the other investigation is testing epoxy 
with other thermoset material (polyester) by using three body abrasion test (3BA),  
the test is helpful in determining the effect of third particles (abrasion particles) on 
 the wear rate of two material by using different particles size and different loads.  
The worn surface have been examined under SEM to explore the possible mechanism 
of wear.   
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Figure 4.21: Scanning electronic microscopy images of fracture surface of coated layer of nano-clay epoxy 
composite samples due to compression loading against sorghum seeds 
 
4.5 The potential of using epoxy to replace metals under three 
body abrasion loading  
In the current work, the experiments were conducted on epoxy and polyester 
specimens with different sizes of abrasive particles at different applied loads  
(5 – 20 N), and the results are reported in Table 4.1.  
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Table 4.1: The results of wear rate of polyester and epoxy under two levels of loads and different particles 
size as a third abrasive particles  
Polyester Wr, mg/N 
 
Repeating 
test 
Size of abrasive particles  
Small  Intermediate Large 
Load5N 
R1 6.9434 3.5253 2.5317 
 R2 6.9435 3.5251 2.5312 
R3 6.9434 3.5253 2.5309 
Load20N 
R1 7.7410 3.8127 1.3258 
R2 7.7411 3.8125 1.3254 
R3 7.7411 3.8123 1.3256 
Epoxy Wr, mg/N 
Load5N 
R1 0.7625 0.323 0.2018 
R2 0.7625 0.3233 0.2022 
R3 0.7623 0.323 0.2017 
Load20N 
R1 0.1551 0.1627 0.1126 
R2 0.1552 0.1625 0.1122 
R3 0.1553 0.1623 0.1223 
 
The average wear rates of the tested specimens of polyester and epoxy materials are 
displayed in Figure 4.22 a & b at 5 N and 20 N of applied load for three different 
particle sizes (i.e. small, intermediate, and large) under flow rate (10 g/sec), test 
durations (180 sec). The results clearly indicate that the average wear rate of  
the polyester is much higher than that of the epoxy. The size of the sand particle plays 
an important role in controlling the wear behaviour of both the materials. Small sized 
sand particles cause higher mass removal than large sized sand particles. This is mainly 
due to the stress distribution on the particles and the movement mechanism. Chin and 
Yousif (2009) reported that large sized particles roll on the interface rather than slide. 
In other words, the particles act as “balls in bearings”. Meanwhile, when small 
particles are presented in the interface, the wear mechanism could be sliding, pitting 
and ploughing. This is mainly due to the high stress concentration applied to  
the polymer specimen surface. Further explanation is provided with the aid of the 
scanning electron microscopy examination in the next section.  
The result suggests the possibility of using epoxy polymer in machinery components 
which are subjected to similar loads. Rollers in milling machines are subjected to three 
body abrasion during their operation (Harsha & Tewari 2003) and coating the metal 
rollers with polymeric could result in better performance.  
The micrographs of the polyester and epoxy worn surfaces are displayed in Figure 
4.23 a and b. From this Figure, it can clearly be seen that the damage on the polyester 
surface is more severe than on the epoxy surface. The wear mechanisms on  
the polyester surface are predominantly by macro-pitting, fracture, ploughing, and 
defragmentation. Meanwhile, the worn epoxy surface indicates that the wear 
mechanisms are micro-pitting and defragmentation. In other words, the sand particles 
attacked the polyester surface more aggressively compared to the epoxy surface.  
The mechanical properties like hardness, elongation at the point of break and tensile 
strength,  also influence the three body abrasion wear performance of the materials 
(Yousif, Nirmal & Wong 2010). The current work found that epoxy polymer has better 
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tensile and hardness properties compared to the polyester polymer which, in turn, is 
reflected in the better wear performance of the epoxy polymer. Since the epoxy had 
superior wear performance compared to the polyester, the wear results of the epoxy 
for different loads and particle sizes are presented in Figure 4.22. Interestingly, the 
results show that the larger particle size is the lower wear rate, i.e. better wear 
performance. This gives another advantage in using epoxy as a coating material for 
agriculture machine application such as rollers surface due to remarkable improvement 
in the performance in (3BA) in comparison to polyester when the size of the particles 
(seeds, such as sorghum) is large.  
 
Figure 4.22: Wear rate of epoxy at different applied loads considering the intermediate size of particles 
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a) Polyester 
 
 
b) Epoxy 
Figure 4.23: Micrographs of the worn polyester and epoxy surfaces 
 
4.6 Summary of the Chapter 
This chapter covers the mechanical properties of sorghum seeds and different 
percentages of nano-clay with epoxy matrix. Nano-clay epoxy composites also give  
a remarkable results in terms of compression test, adhesion test and compression 
loading against sorghum seeds as a coated layer. Three-body abrasion of epoxy shows 
a significant influence when tested using a tribology machine. The main points of  
the chapters are summarised as follows: 
 The failure of sorghum seeds due to compressive loading began at a yield point 
between 10 MPa – 15 MPa in strain between 4 % – 6 % and maximum 
compressive stress reached 18.5 MPa with average modulus of elasticity of  
310 MPa. This failure is controlled by variation in the moisture content and 
complexity of sorghum structure. The micrographs of the fractured seeds show 
different fracture regions on the shell (pericarp) and cells (endosperm) of  
the sorghum seeds. The hardest part to fracture is the pericarp that requires  
the application of high stress and the soft part is the cells (endosperm) that 
requires fluctuating stress to inducement.  
 The stress of nano-clay epoxy composites has been improved in compression 
test when nano-clay content starts from one to five weight percent compared 
to zero weight percent nano-clay epoxy composite with a reduction in strain 
percentage due to increased brittleness of nano-clay epoxy composite when 
amount of nano-clay content additives is increased. 
Micro-ploughing    Micro-pitting   Fracture and 
Defragmentation    
Micro-pitting   
Defragmentation     
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 In a certain amount of two weight percent nano-clay epoxy composite the 
micrograph of the fracture surface was less cracked and showed relatively high 
toughness compared to zero weight percent and four weight percent due to less 
porosity and better compressive strength and strain. 
 Increasing the nano-clay to two weight percent resulted in an enhanced 
adhesive property during tensile testing (load and shear) with a reduction in  
the deformation rate.  
 The micrographs of the adhesive material in single lap joint with two weight 
percent showed high resistance to the shear due to a strong adhesive layer with 
the adherent steel material.  
 The compression behaviour of sorghum seed against coated layer of nano-clay 
epoxy composites exhibited a similar trend in elastic and plastic behaviour for 
the sorghum seeds compared to normal compression and the maximum 
strength fluctuated due to seed structure and variation in moisture content. 
 The strain in nano-clay epoxy composite compressed against sorghum seeds 
was decreased when nano-clay additives content was increased in the epoxy 
matrix. 
 The micrographs revealed that the fracture mechanism for sorghum seeds 
under different coated layer of nano-clay epoxy composite was the same as in 
normal compression tests in that the fracture starts from the pericarp with high 
stress and then the stress fluctuates in the endosperm part of the seed. However 
two weight percentage showed better separation of the cells (endosperm) with 
less damage compared with other percentages of nano-clay in epoxy matrix.  
  The micrographs revealed that fracture and deformation in two weight percent 
nano-clay epoxy composite as a coated layer was more resistant to deformation 
and less fracture was generated on the surface due to the compression of  
the sorghum seeds against the nano-clay epoxy composite compared to zero 
and four weight percent nano-clay epoxy composite.   
 Epoxy polymer exhibited a lower a wear rate less than polyester at two loads 
and three abrasive particle sizes compared to polyester material. 
 The micrograph showed that the wear mechanisms on the polyester surface 
were macro-pitting, fracture, ploughing and defragmentation; whereas  
the epoxy polymer revealed micro-pitting and defragmentation only.  
 Epoxy material has very strong potential to be used as a coating for the rollers 
in milling machine. This potential is due to the remarkable results in 
mechanical properties, compression loading, adhesion and coating testing 
compared to other thermoset material.   
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5 Chapter 5: Sorghum milling quality and milling 
performance using mill machine with uncoated 
and nano-clay epoxy composites coated rollers 
5.1 Introduction 
This chapter addresses the effect of coated rollers and their interactions with other 
factors of the milling machine on the feedstock quality of sorghum seeds and milling 
performance.  Two types of coated surface rollers are considered as (0wt. %)  
nano-clay epoxy composite or (2wt. %) nano-clay epoxy composite and these are 
compared with uncoated rollers. In addition, two others factors in the milling machine 
are studied: roller speed at levels (980, 777 and 533 rpm) and roller gap with five levels 
(0.75 – 0.65, 0.65 – 0.55, 0.55 – 0.45, 0.45 – 0.35 and 0.35 – 0.25 mm). 
The feedstock quality of milled sorghum is based on geometric mean diameter, 
specific surface area increase, number of particles per sample and geometric standard 
deviation. The milling performance is based on bulk density, power consumption and 
production rate. The design of experiments (DOE) was done as Completely 
Randomized design (CRD). In addition, Statistical analysis was performed using SAS 
software to determine the significance by using Duncan’s test of roller coating types, 
operating parameters and their interactions, two way and three way in terms of  
the impact on the quality of the feedstock and milling performance.  
Scanning electron microscopy was used to examine the fracture mechanism  
(of the sorghum after the tests) from selected sieves from either an uncoated or coated 
surface roller. At each section of the chapter, current thought is given and comparison 
with the previous works is also made. 
5.2 The effect of coated rollers and different levels of 
operating parameters on the feed stock quality 
The influence of the roller coating type and operating parameters on feedstock quality 
in terms of geometric mean diameter, specific surface area increase, number of 
particles per sample and geometric standard deviation in one way analysis and  
two-way interactions are presented as tables, and three-way interactions are presented 
as figures. Values in the tables are means, SEM (standard error of mean), and letters 
show the significant difference between the means and finally star dots show  
the significance of (P) values for the factors more details in (Appendix D). 
5.2.1 Geometry mean diameter (µm) 
The quality of sorghum feedstock can be determined by the geometric mean diameter 
(GMD) of the milled seeds, i.e. small GMD indicates good quality for great feed 
recovery (Amerah et al. 2007a). Moreover, small values of GMD improve the growth 
performance in poultry and pigs (Amerah et al. 2007a; Liu, Selle & Cowieson 2013), 
increase production of poultry eggs (Cabrera et al. 1994a), and enhance feed efficiency 
and digestibility in weaned pigs (Carter 1996). Tables 5.1 and 5.2 introduce the 
variation in the GMD values of the sorghum feedstock produced by a mill machine 
adopted with uncoated rollers and rollers coated with (0wt. %) nano-clay epoxy 
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composite or (2wt. %) nano-clay epoxy composite operated under different speeds of 
rollers and gaps.  
Table 5.1: Effect of roller coating type and roller speed on geometric mean diameter as main effect and two 
way interaction 
Geometric mean diameter (µm) 
Factors 2-way interaction 
Roller 
coating  
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller coating type × 
Roller speed (rpm) * 
Mean SEM Mean SEM  Mean SEM 
UCR 
1982 a 
 
21.8 
 
980 2094 a 15.47 
980 2141 a 23.15 
777 1904 c 24.94 
533 1900 c 24.38 
CR  
(0wt. %) 
1904 b 
 
23.9 
 
777 1855 b 16.51 
980 2071 b 27.13 
777 1831 d 29.03 
533 1810 e 27.99 
CR  
(2wt. %) 
1902 b 23.9 533 1839 c 16.50 
980 2069 b 27.24 
777 1829 d 29.12 
533 1808 e 28.09 
*P-value < 0.01: ** P-value < 0.0001; SEM: standard error of mean 
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Table 5.2: Effect of roller gap on geometric mean diameter as main effect and  
two way interaction with roller coating type and roller speed 
Geometric mean diameter (µm) 
Factor 2-way interaction 2-way interaction 
Roller 
gap(mm) 
Main 
effect** 
Roller gap (mm)× Roller 
coating type ** 
Roller gap (mm) × 
Roller speed (rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 2081 a 20.42 
UCR 2120 a 34.98 980 2223 a 9.18 
CR (0wt. %) 2063 b 35.79 777 2024 e 9.51 
CR (2wt. %) 2062 b 35.86 533 1998 f 10.72 
0.65-0.55 1987 b 26.75 
UCR 2034. c 46.04 980 2173 b 10.99 
CR (0wt. %) 1965 d 47.12 777 1899 h 10.91 
CR (2wt. %) 1963 d 47.14 533 1890 h 16.59 
0.55-0.45 1915 c 23.61 
UCR 1963 d 39.08 980 2078 c 10.41 
CR (0wt. %) 1892 f 41.68 777 1837 i 10.90 
CR (2wt. %) 1890 f 41.67 533 1830 i 15.06 
0.45-0.35 1873 d 25.76 
UCR 1931 e 42.19 980 2048 d 12.60 
CR (0wt. %) 1845 h 44.97 777 1797 j 14.52 
CR (2wt. %) 1842 h 45.02 533 1773 k 18.00 
0.35-0.25 1791 e 23.91 
UCR 1861 g 38.58 980 1948 g 16.99 
CR (0wt. %) 1757 i 39.69 777 1716 l 17.19 
CR (2wt. %) 1745 i 39.70 533 1708 l 18.99 
** P-value < 0.0001; SEM: standard error of mean 
Table 5.2 shows that the gap between the rollers significantly controls the GMD, i.e. 
(P-value < 0.0001) since, as the gap between the rollers decreases, the GMD value also 
decreases (proportional relation). For the roller speed in Table 5.1, it seems that  
the GMD value increases with the increase of the roller speed (P-value < 0.0001). On 
the other hand, one can see that the GMD of the final feedstock produced by the mill 
machine with (2wt. %) nano clay epoxy coated rollers produced smaller GMDs under 
all the operating parameters (P-value <0.01) and (P-value < 0.0001) as introduced in 
two-way interaction in Tables 5.1 and 5.2. Figure 5.1 illustrates the three-way 
interaction between the factors. One can see that the (2wt. %) nano-clay epoxy 
composite surface coating produced a smaller GMD compared to (0wt. %) nano-clay 
epoxy coated and uncoated rollers for most levels of the operational parameters.  
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Figure 5.1: Geometric mean diameter (µm) of milled sorghum after testing with UCR (uncoated roller), CR 
(coated roller 0wt. % nano-clay epoxy composite) and CR (coated roller 2wt. % nano-clay epoxy composite) 
under different roller speeds and gaps  
Note: P-value not significant 
In other words, coating the rollers in the mill machine with (2wt. %) nano-clay epoxy 
composite could be improved the other feedstock quality. There are different 
explanations for the improvements in the GMD when the coated rollers were used in 
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the mill machine compared to the uncoated rollers. The reasons could be due to 1) 
some modifications taking place on the roller corrugation characteristics via  
the coating by the epoxy which changes the interaction between the seeds and  
the corrugation, 2) reducing the space between the corrugations by the epoxy coated 
filling, 3) increase in the friction between the seed surface and the roller surfaces in 
(2wt. %) nano-clay epoxy composite  and 4) the mechanical properties of (2wt. %) 
nano-clay epoxy composite which is higher than (0wt. %) nano-clay epoxy composite.  
In the first, the epoxy layer changes the rear and cutting angles of the corrugation since 
the coated layer is about (40 µm) at the inside of the roller and (20 µm) at the outer 
circumference of the roller (top of corrugations). This influences the cutting angle 
which becomes greater than the original, Figure. 5.2. In previous work (Meuser 2003; 
Posner 2003), it has been reported that the cutting angle (α) and rear angle (β) 
determine the efficiency of milling process. This work found that, when the cutting 
angle was small, the feedstock formed in coarse particles (large GMD) whereas the 
large cutting angle resulted in flour product (lowest GMD). This may explain the small 
GMD in the case of the coated rollers compared to the uncoated ones. 
In the second explanation, the corrugations have been filled with the epoxy after the 
coating process which led to smaller spaces between the corrugations which can result 
in small GMD. In Figure. 3.17 (see Section 3.4.1.1), one can see that the space 
between the corrugations is slightly filled with epoxy which may contribute to the 
reduction in GMD when coated rollers were used in the milling process. This can be 
further clarified with the schematic drawing shown in Figure 5.3  
 
Figure 5.2: The schematic illustrates the change in angles of corrugations  
(cutting and rear angles) before and after modification of rollers using epoxy coated material  
a) uncoated Corrugation; b) coated corrugation 
 
Figure 5.3: The schematic illustrates the change in space and dimension of cutting between two 
corrugation in one roller before and after modification using epoxy coated material 
 a) uncoated corrugation; b) coated corrugation 
a) b) 
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Besides this, the reduction in the GMD in (2wt. %) nano-clay epoxy composite  could 
be due to the higher coefficient of friction between the roller surface (epoxy) and 
 the seed surface, as high friction between the seed and the surface of the roller resulted 
in a small GMD. The nano-clay particles in epoxy matrix surface help to separate the 
soft particles of endosperm to fine particles (See Figures 4.20 c and d) and (See 
Figures 4.21 c and d), thus supporting the current results.  
In the final explanation, (2wt. %) nano-clay epoxy composite exhibits a strong 
adhesion compared compare to (0wt. %) nano-clay epoxy composite. In addition,  
(2wt. %) nano-clay epoxy composite shows good mechanical properties in the 
compression test and the compression test against (0wt. %) nano-clay epoxy composite 
(see Chapter Four). The results of the geometric mean diameter for milled sorghum 
seeds are in agreement with the previous published works on different kinds of milling 
machines and seed.  Amerah et al. (2007b), Wang and Jeronimidis (2008),  
Wondra et al. (1995) and El-Porai et al. (2013) reported that first reduction in particle 
size is known by first breakage and the particle reduction of seeds can be achieved 
with all kinds of milling machines. The degree of reduction also depends on the 
operation parameters of the milling machine. The particle size reduction results in 
fracture exposing thereby the endosperm.  
There are other factors affecting the degree of reduction such as moisture content and 
the hardness of seeds (Campbell & Webb 2001). Svihus et al. (2004) found that roller 
milling produced a lower proportion of small particles (below 0.5 mm) and large 
particles (above 1.6 mm) than hammer milling. This range of particle size reduction 
depends on the adjustment of operational parameters and characteristics of the rollers 
themself. 
For the effect of operation parameter, most researchers have found that roller gaps, 
rotational speed and corrugation design have the main effects on particle size reduction 
(Srinivasan et al. 2012). Wang, Koutinas and Campbell (2007) observed that the 
proportions of milled dry oat obtained (by roller milling machines) was smaller than 
212 µm and larger than 2000 µm when the roller gap increased to 0.6 mm from 0.1 
mm. Fang and Campbell (2002) found that different deposition of corrugations on 
roller surface produced different sizes of milled wheat kernels. In addition, roller gaps 
control the size of milled particles of each disposition type of corrugation. Edwards, 
Osborne and Henry (2007) concluded that the operational parameter (roller gaps) in 
the roller machine determined the first size reduction of the milled product when 
testing the effect of conditioning on the size of first breakage of wheat kernels. Guritno 
(1992) concluded that the particle size of milled sorghum decreased as rotational roller 
speed increasing. For the above, roller corrugation types, reduction on rotational speed 
and roller gap can all contribute to enhance the particle size reduction and other 
physical properties of milled product. Further discussion is given in the scanning 
electron microscopy section.  
To summarize, two-weight percentage of nano-clay epoxy composite as a coated layer 
on rollers surface improved the geometric mean diameter of milled sorghum by 
making lower values compared to zero weight percentage nano-clay epoxy composite 
and uncoated rollers.  
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5.2.2 Specific surface area increase (cm2/g)  
Specific surface area increase (SSAI) is one of the parameter which can determine the 
quality of sorghum feedstock, i.e. good quality feed recovery for animals can be 
achieved with high values of SSAI, (Adapa, Tabil & Schoenau 2011). For the current 
work, the variation in the SSAI of the feedstock produced by a milling machine with 
uncoated rollers and rollers coated with (0wt. %) nano-clay epoxy composite or 
(2wt. %) nano-clay epoxy composite operating under different speeds and gaps 
between the rollers for the main effect and two- way interaction is given in Tables 5.3 
and 5.4. Three way interaction is given in Figure 5.4. 
Table 5.3: Effect of roller coating type and roller speed on specific surface area increase (SSAI) as main 
effect and two way interaction 
Specific surface area increase (SSAI) 
Factors 2-way interaction 
Roller 
coating  
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller coating type × 
Roller speed (rpm) ** 
Mean SEM Mean SEM  Mean SEM 
UCR 
85.20 
c 
7.09 980 
65.81 
 c 
2.66 
980 55.46 g 3.36 
777 87.59 e 11.59 
533 112.55 d 14.53 
CR 
 (0wt.  %) 
141.38
b 
9.43 777 
145.63 
b 
8.33 
980 69.07 f 4.10 
777 161.81 c 6.69 
533 193.27 b 13.4 
CR  
(2wt.  %) 
155.76 
 a 
10.95 533 
170.90 
a 
10.44 
980 72.89 f 5.18 
777 187.49 b 9.48 
533 206.88 a 16.29 
 ** P-value < 0.0001; SEM: standard error of mean 
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Table 5.4: Effect of roller gap on specific surface area increase (SSAI) as main effect and two way 
interaction with roller coating type and roller speed  
Specific surface area increase (SSAI) 
Factor 2-way interaction 2-way interaction 
Roller 
gap(mm) 
Main 
effect** 
Roller gap (mm)× Roller 
coating type ** 
Roller gap (mm) × 
Roller speed 
(rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 
82.30  
e  
8.26 
UCR 45.25 i 2.23 980 43.66 k 2.08 
CR (0wt. %) 99.09 f 14.09 777 102.55g 15.38 
CR (2wt. %) 102.55 f 14.29 533 100.69g 12.03 
0.65-0.55 
102.76 
d 
9.36 
UCR 64.05 h 4.35 980 53.61 j 1.50 
CR (0wt. %) 119.47 e 16.03 777 128.47f 15.34 
CR (2wt. %) 124.76 e 17.17 533 126.20f 12.75 
0.55-0.45 
129.39 
c 
12.43 
UCR 72.01 g 4.94 980 70.32 i 4.23 
CR (0wt. %) 152.87 d 19.91 777 144.59e 17.91 
CR (2wt. %) 163.30 c 21.51 533 173.27c 21.52 
0.45-0.35 
144.05 
b  
13.09 
UCR 96.18 f 12.52 980 75.30 i 2.90 
CR (0wt. %) 155.11 d 20.13 777 154.27d 20.15 
CR (2wt. %) 180.85 b 25.28 533 202.58b 15.02 
0.35-0.25 
178.73 
a 
14.60 
UCR 148.51 d 19.57 980 86.15 h 4.11 
CR (0wt. %) 180.38 b 25.94 777 198.28b 9.07 
CR (2wt. %) 207.31 a 28.40 533 251.77a 13.93 
** P-value < 0.0001; SEM: standard error of mean 
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Figure 5.4: Specific surface area increase (cm2/g) of milled sorghum after testing with UCR (uncoated 
roller), CR (coated roller 0wt. % nano-clay epoxy composite) and CR (coated roller 2wt. % nano-clay epoxy 
composite) under different roller speeds and gaps (P-value <0.0001) 
Note: Bars designated by same letter are not significantly different  
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From Table 5.4, it can be seen that there is an increase in the SSAI values when  
the gap between the rollers is reduced (P-value < 0.0001). With regards to the influence 
of the rotational speed of rollers, low roller speed exhibits better SSAI compared to 
the higher speed of rollers (P-value < 0.0001), Table 5.3. Table 5.3 shows that SSAI 
values are high when the rollers coated with (2wt. %) nano-clay epoxy composite 
compared to coated epoxy composite with (0wt. %) nano-clay and the uncoated rollers, 
i.e. there is a highly significant of P-value < 0.0001.  
At the rotational speed of 533 rpm and gap of 0.25 – 0.35 mm there is an increase in 
the SSAI of about 44 % when the coated rollers (2wt. %) nano-clay epoxy composite 
were used compared to the uncoated rollers, Figure 5.4 (P-value < 0.0001). In  
the previous section (see Section 5.2.1), the reasons behind the improvements in the 
GMD when the rollers coated with (2wt. %) nano-clay epoxy composite were used 
compared to the (0wt. %) nano-clay epoxy composite and uncoated rollers were 
explained. At the same time, it is well known that the high values of GMD introduce 
low values of SSAI (Liu, Selle & Cowieson 2013; Rodgers et al. 2012), i.e. GMD is 
inversely proportional to with the SSAI values. The increase in the rate of 
macronutrient (protein, carbohydrate) digestion and fermentation in the monogastric 
digestive tract can be achieved with a reduction of particle size from the milling 
process which results in an to increase in the surface area per unit volume of milled 
product (Al-Rabadi, Gilbert & Gidley 2009; Lahaye et al. 2008; Stewart & Slavin 
2009).  
Many studies have shown that a reduction in particle size results in  
the increased surface area of unit volume of different milled products. Mani, Tabil and 
Sokhansanj (2004) mentioned that milling processing results in a size reduction in 
milled particles which increases the surface area of the milled material.  
The operational parameters of roller milling have the main effect of improving the 
surface area of the milled product. Guritno (1992) found that dull to dull deposition of 
corrugation, lower roller gap and rotational speed of the rollers results in the highest 
surface area of milled sorghum. Fang et al. (1997a) concluded that roll gap has  
a significant effect in increasing specific surface area of the milled wheat product 
however, rotational roller speed levels has no significant effect on increase in specific 
surface area increase. Some earlier work has demonstrated that the operational 
parameters of roller machines (such as roller gaps) have the main effect of increasing 
surface area however, the interaction between operational parameters could contribute 
to the improved surface area of milled products  
An example of this is the combination of roller corrugation type, rotational roller speed 
and roller gap. In conclusion, specific area increase values of milled sorghum seeds 
have been larger with (2wt. %) nano-clay in epoxy coated rollers in contrast with  
(0wt. %) nano-clay epoxy composites and uncoated rollers. The next section is devoted 
to examining the effect of the type of coating on rollers with other operation parameters 
on the number of milled particles which is one of the main parameters to determine 
the quality of the final milled product.   
  
87 
 
5.2.3 Number of particles (Nt)  
The number of particles (Nt) is one of the elements that can determine the quality of 
the sorghum feedstock, i.e. good quality of feed recovery for animals can be achieved 
with a high number of particles (Amerah et al. 2007a; Healy et al. 1991).  For the 
current work, the variation in the Nt of the feedstock produced by the mill machine 
with uncoated rollers and rollers coated with (0wt. %) nano-clay epoxy composite or 
(2wt. %) nano-clay epoxy composite operating under different speeds and gaps is 
shown in the main effects and two-way interactions Tables 5.5 and 5.6. In addition, 
three – way interaction is presented in Figure 5.5. 
Table 5.5: Effect of roller coating type and roller speed on numbers of particles as main effect and two way 
interaction 
Number of particles (Nt) 
Factors 2-way interaction 
Roller 
coating  
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller coating type × 
Roller speed (rpm) ** 
Mean SEM Mean SEM  Mean SEM 
UCR 489 c  42.33 980 342  c 15.27 
980 286 h  18.24 
777 523 f 68.23 
533 658 e 82.68 
CR 
 (0wt. %) 
809 b 62.94 777 843   b 52.61 
980 361 g 24.92 
777 935  d 59.36 
533 1132 b 101.44 
CR  
(2wt. %) 
891 a 72.39 533 1004 a 68.09 
980 380  g 29.82 
777 1073 c 78.78 
533 1221 a 116.06 
** P-value < 0.0001; SEM: standard error of mean 
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Table 5.6: Effect of roller gap on numbers of particles as main effect and two way interaction with roller 
coating types and roller speed  
Numbers of particles  (Nt) 
Factor 2-way interaction 2-way interaction 
Roller 
gap(mm) 
Main effect** 
Roller gap (mm)× Roller 
coating type ** 
Roller gap (mm) × 
Roller speed 
(rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 422 e 39.60 
UCR 252 k 15.52 980 233 l 8.32 
CR (0wt.  %) 490 h 67.25 777 510 hi 65.89 
CR (2wt. %) 522 gh 71.29 533 531 h 58.95 
0.65-0.55 562 d 51.41 
UCR 375 j 37.82 980 267 k 7.59 
CR (0wt.  %) 643 f 91.30 777 701 g 76.69 
CR (2wt.  %) 668 f 96.84 533 718 g 58.88 
0.55-0.45 725 c 72.12 
UCR 415 i 34.75 980 357 j 19.50 
CR (0wt. %) 852 e 120.79 777 830 f 96.08 
CR (2wt. %) 906 d 129.63 533 986 d 119.40 
0.45-0.35 838 b 82.44 
UCR 546 g 73.93 980 387 j 15.73 
CR (0wt.  %) 913 d 132.34 777 922 e 114.97 
CR (2wt. %) 1054 c 161.45 533 1204 c 98.97 
0.35-0.25 1104 a 100.20 
UCR 856 e 119.86 980 477 i 24.88 
CR (0wt.  %) 1149 b 178.26 777 1254 b 71.42 
CR (2wt. %) 1306 a 196.71 533 1580 a 109.23 
** P- value < 0.0001; SEM: standard error of mean 
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Figure 5.5: Number of particles per sample (g) of milled sorghum after testing with UCR (uncoated roller), 
CR (coated roller 0wt. % nano-clay epoxy composite) and CR (coated roller 2wt. % nano-clay epoxy 
composite) under different roller speeds and gaps (P-value <0.0001) 
Note: Bars designated by same letter are not significantly different 
The Tables 5.5 shows that there is an increase in the Nt values with decreasing 
rotational speed of the rollers, with highly significant (P-value < 0.001). With regard 
to the influence of the gap between the rollers; a narrow gap between the rollers 
exhibits better Nt compared to a larger gap; with highly significant (P-value < 0.0001) 
as shown in Table 5.6. On the other hand, one can see that the Nt of the final feedstock 
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produced by the mill machine with rollers coated with (2wt. %) nano-clay epoxy 
composite produced a higher number of Nt under all operating parameters in 
comparison to rollers coated with (0wt. %) nano-clay epoxy composite or uncoated 
rollers as illustrated in Figure 5.5. In other words, coating the rollers with (2wt. %) 
nano-clay epoxy composite improved the feedstock quality. 
There are a number of explanations for gain in the Nt when the coated rollers were 
used compared to the uncoated rollers: modification of the roller corrugation (through 
coating) changing the interaction between seeds and corrugation, reducing the space 
between corrugations due to the coated filling, increase of friction between the seed 
surface and the roller surfaces (mild steel or epoxy) and the mechanical properties of 
(2wt. %) nano-clay epoxy composite.   
For the first explanation, the epoxy layer changed the rear and the cutting angles of the 
corrugations, Figure 5.2. This may explain the high number of particles in the case of 
the coated rollers compared to the uncoated ones. In the second explanation, the 
corrugations were filled with the epoxy after the coating process which led to smaller 
spaces between the corrugation and seeds in zone milling which could result in a higher 
number of particles Nt, Figure 5.3. The increased number of particles Nt could also be 
due to the higher coefficient of friction between the roller surface in (2wt. %)  
nano-clay epoxy composite and the seed surface which contributed to reducing  
the GMD as mentioned in the previous section (see Section 5.2.1) as high friction 
between the seed and the surface of the roller resulted in a higher number of particles 
Nt, which could support the current results. 
The coated layer of (2wt. %) nano-clay epoxy composites possessed higher mechanical 
properties in compression, adhesion properties, as well as remarkable fracture 
behaviour when tested against compression sorghum seeds compared to uncoated 
rollers and (0wt. %) nano-clay epoxy composite as mentioned in the previous chapter. 
In addition, the roughness of the coated layer of (2wt. %) nano-clay epoxy composite 
before the test is higher than (0wt. %) nano-clay epoxy composite due to the presence 
of nano-clay particles on the coated surface (See Section 4.4.3). This might contribute 
to an increased number of particles per sample. Moreover, the quality of feedstock 
(number and crushed size of milled particles) depends on the properties of whole seeds 
such as hardness and size (Campbell, Fang & Muhamad 2007; Campbell et al. 2012). 
It is well known that the low values of GMD are associated with high values of Nt as 
reported by (Guritno 1992).  
Finally, (2wt. %) nano-clay epoxy composite as a coating on the rollers surface with 
other operation parameters have been found to increase the number of milled particles 
per sample compared to (0wt. %) nano-clay epoxy composite coating rollers and 
uncoated rollers.      
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5.2.4 Geometric standard deviation (Sgw) 
The following section will be focus on the effect of coated types of rollers surface with 
other operation parameters on geometric standard deviation. It will help to know the 
degree of uniformity in final milled product. 
The geometric standard deviation (Sgw) describes the variation of a particle’s size 
distribution in the feedstock. The lowest value of Sgw represents highest uniformity of 
the milled feedstock (Amerah et al. 2007a; Stark & Chewning 2012). For the current 
results, the variation in the Sgw is presented for main effect and two-way interactions 
in Tables 5.7 and 5.8 under different rotational speeds for rollers and gaps between 
the rollers for both machines with uncoated rollers or rollers coated with (0wt. %) 
nano-clay epoxy composite or (2wt. %) nano-clay epoxy composite. For three-way 
interaction, Figure 5.6 presents the variation in (Sgw).  
Table 5.7: Effect of roller coating type, roller speed on geometric standard deviation as main effect and two 
way interaction 
Geometric standard deviation (Sgw) 
Factors 2-way interaction 
Roller 
coating  
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller coating type × 
Roller speed (rpm) ** 
Mean SEM Mean SEM  Mean SEM 
UCR  0.88 c 0.02 980 0.90 c 0.01 
980 0.86 g 0.01 
777 0.85 g 0.03 
533 0.94 d 0.03 
CR 
 (0 wt %) 
1.02 b  0.01 777 1.01 b 0.02 
980 0.90 f 0.01 
777 1.07 c 0.02 
533 1.10 b 0.01 
CR  
(2 wt %) 
1.05 a 0.02 533 1.04 a 0.02 
980 0.92 e 0.01 
777 1.13 a 0.01 
533 1.11 ab 0.01 
** P-value < 0.0001; SEM: standard error of mean 
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Table 5.8: Effect of roller gap on geometric standard deviation as main effect and two way interaction with 
roller coating type and roller speed  
Geometric standard deviation (Sgw) 
Factor 2-way interaction 2-way interaction 
Roller 
gap (mm) 
Main effect** 
Roller gap (mm)× Roller 
coating type ** 
Roller gap (mm) × 
Roller speed 
(rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 0.95 c 0.03 
UCR 0.78 h 0.01 980 0.84 g 0.02 
CR (0 wt %) 1.03 cd 0.05 777 1.02 c 0.07 
CR (2 wt %) 1.03 cd 0.05 533 0.98 d 0.05 
0.65-0.55 0.98 b 0.02 
UCR 0.86 g 0.01 980 0.89 f 0.01 
CR (0 wt %) 1.02 cd 0.03 777 1.03 c 0.05 
CR (2 wt %) 1.05 bc 0.03 533 1.01 c 0.03 
0.55-0.45 1.00 a 0.02 
UCR 0.85 g 0.01 980 0.93 e 0.02 
CR (0 wt %) 1.06 ab 0.02 777 1.01 c 0.04 
CR (2 wt %) 1.08 a 0.03 533 1.06 b 0.04 
0.45-0.35 1.00 a 0.02 
UCR 0.92 f 0.03 980 0.93 e 0.01 
CR (0 wt %) 1.02 d 0.02 777 0.98 d 0.04 
CR (2 wt %) 1.07 ab 0.03 533 1.09 a 0.01 
0.35-0.25 1.00 a 0.01 
UCR 1.01 d 0.03 980 0.90 f 0.01 
CR (0 wt %) 0.98 e 0.03 777 1.03 c 0.01 
CR (2 wt %) 1.03 cd 0.03 533 1.10 a 0.01 
** P- value < 0.0001; SEM: standard error of mean 
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Figure 5.6: Geometric standard deviation (Sgw) of milled sorghum after testing with UCR (uncoated roller), 
CR (coated roller 0wt.% nano-clay epoxy composite) and CR (coated roller 2wt. % nano-clay epoxy 
composite) under different roller speeds and gaps (P-value <0.0001) 
Note: Bars designated by same letter are not significantly different 
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The Tables and Figure indicate that rotational speeds have no effect on the Sgw 
especially at low and intermediate speed values. At the same time, the gap between  
the rollers shows no remarkable influence on the Sgw under all the operational speeds. 
With regards to the influence of the coating of the rollers on the Sgw, there is a slight 
increase in the values when the rollers coated with (2wt. %) nano-clay epoxy 
composite is used compared to the uncoated and (0wt. %) nano-clay epoxy composite, 
i.e. P-vale < 0.0001.  
It is well known that any modification in the corrugation changes the Sgw (Koch 1996) 
and it seems that the coating of the rollers resulted in changing the cutting and rear 
angles which may be the main reason for the increase in the Sgw compared to the 
uncoated rollers. Further to this, the differences in particles size distribution could be 
due to differences in endosperm hardness. Amerah et al. (2007b) and  
Jongkaewwattana and Geng (2001) mentioned that the degree of uniformity of milled 
seeds is correlated with properties of seed such as size and shape. Whereas the 
hardness of the coated corrugation of (2wt. %) nano-clay epoxy could result in a high 
Sgw as sown in Figure 5.6.  This is because it has better mechanical properties 
compared to (0wt. %) nano-clay epoxy composite (see Chapter 4). The results 
presented above agree with previous published work Bayram and Öner (2007) who 
found that while the roller milling machine produced non-uniformly bulgur particles, 
the particles were smooth and glassy. The lack of uniformity could be due to properties 
of bulgur when sharp to sharp rollers corrugation were used. In addition, Costa et al. 
(2007) concluded that the geometric standard deviation recorded high values over 2.68 
and these were not significant between the roller milling machine and  the hammer 
mill machine, and that could be due to the different properties of the two diet types 
when used for  fattening pigs and pregnant pigs.       
5.3 The effect of differently coated surface rollers and 
different levels of operating parameters on milling 
performance  
The influence of roller coating type and operating parameters on the milling 
performance in term of bulk density, power consumption and production rate, in one 
way analysis, two-way interactions are presented as tables and three-way interactions 
are presented as figures. Values in the tables are means, and SEM (standard error of 
mean), and letters show the significant difference between the means and finally star 
dots show the significance of (P) values for the factors and their interactions more 
details in (Appendix D). 
5.3.1 Bulk density (kg/m3) 
Bulk density gives an indication of the milling performance of the milling machines, 
(Song 1989). In other words, lower values of bulk density indicate a good milling 
process. Tables 5.9 and 5.10 illustrate the bulk density variation in the milled seeds 
for the mill machine with uncoated rollers and rollers coated with (0wt. %) nano-clay 
epoxy composite or (2wt. %) nano-clay epoxy composite under different rotational 
speeds and different gaps between the rollers for main effect and two-way interactions. 
Figure 5.7 presents the three-way interaction between factors.  
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Table 5.9: Effect of roller coating type and roller speed on bulk density as main effect and two way 
interaction 
Bulk density (kg/m3) 
Factors 2-way interaction 
Roller 
coating  
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller Coating type × 
Roller speed (rpm) * 
Mean SEM Mean SEM  Mean SEM 
UCR 735 a     2.9 980 729 a 3.37 
980 742 a 4.18 
777 734 b 5.91 
533 730 c 4.59 
CR 
 (0wt. %) 
714 b     3.9 777 719 b 4.29 
980 723 d 6.00 
777 713 e 7.65 
533 706 f 5.94 
CR  
(2wt. %) 
713 b 3.9 533 713 c 3.61 
980 722 d 6.13 
777 711 e 7.62 
533 704 f 6.02 
*P-value < 0.01: ** P-value < 0.0001; SEM: standard error of mean 
 
 
Table 5.10: Effect of roller gap on bulk density as main effect and two way interaction with roller coating 
type and roller speed  
Bulk density (kg/m3) 
Factor 2-way interaction 2-way interaction 
Roller 
gap(mm) 
Main effect** 
Roller gap (mm)× Roller 
coating type ** 
Roller gap (mm) × 
Roller speed 
(rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 749 a 1.70 
UCR 757 a 1.67 980 757 a 1.67 
CR (0wt. %) 745 c 2.74 777 745 c 2.74 
CR (2wt. %) 744 c 2.32 533 744 c 2.32 
0.65-0.55 738 b 2.53 
UCR 750 b 2.26 980 750 b 2.26 
CR (0wt. %) 733 e 3.95 777 733 e 3.95 
CR (2wt. %) 732 e 3.94 533 732 e 3.94 
0.55-0.45 724 c 2.21 
UCR 738 d 1.31 980 738 d 1.31 
CR (0wt. %) 718 g 2.11 777 718 g 2.11 
CR (2wt.  %) 716 g 2.21 533 716 g 2.21 
0.45-0.35 707 d 2.78 
UCR 725 f 1.96 980 725 f 1.96 
CR (0wt. %) 700 i 2.87 777 700 i 2.87 
CR (2wt. %) 698 i 2.68 533 698 i 2.68 
0.35-0.25 686 e 3.47 
UCR 707 h 3.58 980 707 h 3.58 
CR (0 wt %) 677 j 3.57 777 677 j 3.57 
CR (2 wt %) 675 j 3.60 533 675 j 3.60 
** P- value < 0.0001; SEM: standard error of mean 
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Figure 5.7: Bulk density (kg/m3) of milled sorghum after testing with UCR (uncoated roller), CR (coated roller 
0wt. % nano-clay epoxy composite) and CR (coated roller 2wt. % nano-clay epoxy composite) under 
different roller speeds and gaps 
Note: P-value not significant 
With regards to the influence of speed on bulk density, there is a slight effect since 
there is a slight reduction in the bulk density with the reduction in the milling speed 
with highly significant P-value < 0.0001. In addition, it seems that the gap between  
the rollers influences the bulk density values since small gap generate low values,  
P-value < 0.0001. 
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For the two-way interaction between the operating parameters and their effect on  
the bulk density, Tables 5.9 and 5.10, ANOVA found P-value < 0.01. ANOVA 
indicates that there is significant value between means in the interaction between roller 
coating types and the rotational speed of rollers, and highly significant value of  
P-value < 0.0001 between coated roller types and gapes between the rollers as well as 
rotational speed rollers with gaps between the rollers. Three-way interaction records  
a high result in bulk density but with no significant between levels when (2wt. %) 
nano-clay epoxy coating was used under lower speed and gap between the rollers, as 
shown in Figure 5.7. 
In terms of the effect of the coating of the rollers on the bulk density of the feedstock; 
in general, the machine operating with rollers coated with (2wt. %) nano-clay epoxy 
composite produced lower values of bulk density under most the operating parameters 
compared to the machine with uncoated rollers or rollers coated with (0wt. %)  
nano-clay epoxy composite. This is confirmed by ANOVA analysis since  
the P-vale < 0.0001, i.e. highly significant roller coating type as can be seen in  
Table 5.9. 
The coating of the rollers with (2wt. %) nano-clay epoxy composite assisted in 
reducing the bulk density by approximately 5 %. For the coated rollers, the reduction 
in bulk density of milled sorghum could be due to low values in geometric mean 
diameter (GMD) and high values in specific surface area increase (SSAI) as reported 
previously in Figures 5.1 and 5.4. The high value of the SSAI comes from an increase 
in the space between the ground seeds (increase porosity) resulting in increase of  
the number of milled particles Figure 5.5, which results in low bulk density for  
the feedstock produced by machine with rollers coated with (2wt. %) nano-clay epoxy 
composite. Further to this, it has been reported that low values of geometric mean 
diameter increase the porosity of the feedstock with low bulk density 
 (Yu & Brusewitz 1993).  
The improvement in bulk density with coated rollers comes from the change in  
the space between the deep point and top point of the corrugation of the coated rollers 
Figure 5.3. This could contribute to improved compression forces compared with  
the uncoated roller in the milling zone under the same roller speed and gaps. 
Compression force in this roller machine is presented because the differential 
rotational speed between two rollers is 1 : 1 and this agrees with Wang, Koutinas and 
Campbell (2007) who reported that the compression of seeds causes the breakage of 
seeds and there is no shear force if the differential rotational speed between the two 
rollers is 1 : 1. 
The results of bulk density match with a number of published research works. 
Yıldırım, Bayram and Öner (2008a) found that the lowest value of bulk density as 
(Hectolitre-weights) was 70.08 kg/hl in three rollers stages at a roller gap arrangement 
at A = 1.9 mm, B = 0.8 mm and C = 0.4 mm, whereas the highest bulk density was 
81.08 kg/hl obtained at A = 1.9 mm, B = 1.2 mm and C = 0.6 mm due to the large 
milled particle size and small surface area, when studying the effect of  ternary roller 
mill, four rolls and three gaps, on the selected quality parameters of bulgur. For another 
milling machine, Yıldırım, Bayram and Öner (2008b) found that bulgur bulk density 
(hectolitre-weight) decreased from 87.37 kg/hl  to 81.68 kg/hl with an arrangement 
gap of helical disc milling decreasing from 1.90 to 0.40 mm, when studying the milling 
quality of bulgur by using different levels of gaps in a helical disc mill. 
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Bayram and Öner (2005) concluded that the bulk density of milled material increases 
with the increase in the size of milled particles due to the low surface area and porosity 
between the particles, when studying the effect of a different milling machine, 
hammer, stone and disc on the quality of milled bulgur quality; They also, found that 
an irregular milled shape was produced by hammer milling at lowest bulk density 
66.39 g/100 ml which caused a high number of voids, whereas stone milling produced 
the highest bulk density 74.16 g/100 ml due to the highest amount of coarse particles. 
Disc milling produced the highest bulk density 73.50 g/100 ml as well because of the 
regular shape of the milled bulgur.  
Guritno (1992) concluded that corrugation type determines the degree of bulk density 
of milled seeds when testing sharp to sharp corrugation produced a low values of bulk 
density (kg/m3) of milled sorghum compared with dull to dull corrugation under  
the same roller speed and gap. The scanning electron microscopy section provides  
a discussion that clarifies this finding further. To summarize, Bulk density recorded 
lower values with coated rollers (two weight percentage nano-clay epoxy composite) 
and with operation parameters compared with other coated rollers types.     
5.3.2 Power consumption (kJ/kg) 
The next section will test in impact of rollers coated types with the interaction of other 
parameters in roller milling machine on the power consumption. 
The reduction of seed size cannot be achieved without energy. Improvements in 
feedstock quality (through reduction in seed size) must be balanced against energy 
consumption to ensure an efficient and affordable milling process, (Fang et al. 1998; 
Koch 2008). Tables 5.11 and 5.12 present the main effect and two-way interaction 
between factors. Figure 5.8 illustrates the three-way interaction for the power 
consumption variation in the milled seeds for a mill machine coated with (0wt. %) 
nano-clay epoxy composite or (2wt. %) nano-clay epoxy composite and uncoated 
rollers under different speeds and gaps between the rollers.  
Table 5.11: Effect of roller coating type, roller speed on power consumption as main effect and two way 
interaction 
Power consumption (KJ/kg) 
Factors 2-way interaction 
Roller 
coating 
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller Coating type × 
Roller speed (rpm) ** 
Mean SEM Mean SEM  Mean SEM 
UCR 2.48 c 0.16 980 2.21 c 0.13 
980 1.89 h 0.18 
777 2.24 g 0.19 
533 3.31 c 0.32 
CR 
 (0wt. %) 
3.14 b 0.23 777 2.66 b 0.16 
980 2.34 fg 0.25 
777 2.82 e 0.29 
533 4.28 b 0.48 
CR  
(2wt. %) 
3.25 a 0.25 533 4.00 a 0.26 
980 2.41 f 0.26 
777 2.92 d 0.30 
533 4.43 a 0.50 
** P-value < 0.0001; SEM: standard error of mean 
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Table 5.12: Effect of roller gap on power consumption as main effect and two way interaction with roller 
coating type and roller speed 
Power consumption (KJ/kg) 
Factor 2-way interaction 2-way interaction 
Roller 
gap(mm) 
Main effect** 
Roller gap (mm)× Roller 
coating type ** 
Roller gap (mm) × 
Roller speed 
(rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 1.71 e 0.07 
UCR 1.57 i 0.11 980 1.33 j 0.03 
CR (0wt. %) 1.77 h 0.13 777 1.62 i 0.04 
CR (2wt. %) 1.81 h 0.14 533 2.20 g 0.05 
0.65-0.55 2.03 d 0.10 
UCR 1.78 h 0.14 980 1.53 i 0.04 
CR (0wt. %) 2.11 g 0.18 777 1.90 h 0.08 
CR (2wt. %) 2.20 fg 0.19 533 2.66 f 0.09 
0.55-0.45 2.66 c 0.16 
UCR 2.24 f 0.22 980 1.95 h 0.07 
CR (0wt. %) 2.84 e 0.29 777 2.31 g 0.09 
CR (2wt. %) 2.90 e 0.30 533 3.72 d 0.16 
0.45-0.35 3.47 b 0.20 
UCR 2.86 e 0.24 980 2.55 f 0.11 
CR (0wt. %) 3.71 d 0.35 777 3.20 e 0.14 
CR (2wt. %) 3.84 c 0.37 533 4.67 b 0.24 
0.35-0.25 4.93 a 0.29 
UCR 3.96 c 0.36 980 3.71 d 0.16 
CR (0wt. %) 5.30 b 0.51 777 4.29 c 0.22 
CR (2wt. %) 5.52 a 0.54 533 6.78 a 0.36 
** P- value < 0.0001; SEM: standard error of mean 
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Figure 5.8: Power consumption (KJ/kg) of milled sorghum after testing with UCR (uncoated roller), CR 
(coated roller 0wt. % nano-clay epoxy composite) and CR (coated roller 2wt. % nano-clay epoxy composite) 
under different roller gaps and speeds (P-value<0.01) 
Note: Bars designated by same letter are not significantly different 
It seems that the gap between the rollers influences the power consumption values 
since smaller gaps generate highly significant values (P-value<0.0001) in main effect 
and two-way interactions, as shown in Table 5.12.  
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With regards to the influence of speed on power consumption, there is a reduction in 
power consumption with an increase in the milling speed. Roller speed indicates highly 
significant value of P-value < 0.0001 as illustrated in Table 5.11 in the main effect 
and two- way interaction with roller type. Three way interaction between operation 
parameters in Figure 5.8 show that power consumption increased significantly  
(P-value < 0.01) with (2wt. %) nano-clay epoxy composite under a lower speed and 
gap.  
In terms of the effect of the coating of the rollers on the power consumption; in general, 
the machine operating with rollers coated with (2wt. %) nano-clay epoxy composite 
records higher values of power consumption under all the operating parameters 
compared to the machine with (0wt. %) epoxy nano-clay epoxy composite and 
uncoated rollers. The coating of the rollers with (2wt. %) nano-clay epoxy composite 
increased power consumption by approximately 27 % compared to uncoated rollers 
under the same low level of speed and gap.  For the coated rollers, the increased power 
consumption associated with sorghum milling is due to lower values of geometric 
mean diameter (GMD) and high values in the number of particles (Nt) as reported 
previously in Figures 5.1 and 5.5, respectively. The high value of power consumption 
is due to a modification in the corrugations which contributes to an increase in the 
compression force required for seed rupture (Posner & Hibbs 2005). In addition, the 
coated (2wt. %) nano-clay epoxy composite has high mechanical properties  
(see Chapter 4) which contribute to an increase in the milling zone (milling zone is 
the region beginning at seed nipping between the rollers and finishing where  
the crushed seed is released from the rollers) due to an increase in the diameter of  
the rollers resulting from the coated layer (See Figure 5.10) which causes the seeds to 
stay longer in milling zone compare to (0wt. %) nano-clay epoxy composite and 
uncoated rollers. Moreover, seeds rupturing in milling zone for a longer period results 
in a further reduction in the size of the milled product and so is associated with 
increased energy consumption, especially with the lowest speed and smallest gap. 
Mani, Tabil and Sokhansanj (2004) concluded that milling particles to smaller sizes 
requires higher energy consumption. The results presented above are in concurrence 
with a number of published works.  Yıldırım, Bayram and Öner (2008b) found that 
smallest gap between the discs in helical milling, from 1.90 to 0.40 mm, resulted in 
increased power consumption from 0.02043 kWh/kg to 0.04472 kWh/kg  due to 
increased abrasion between the third particles (bulgur) and internal surface of the two 
discs. Also, Fang et al. (1998) also concluded that the roller gap has a significant effect 
on power consumption per unit mass. As they set wider roller gaps, energy per unit 
mass decreased.  
In case of the effect of corrugation types on power consumption, Guritno (1992) found 
that power consumption (kWh/ton) was higher in both sharp to sharp and dull to dull 
corrugations at lower roller speed with the same roller gap when milling sorghum 
seeds with a roller milling machine. To conclude, power consumption in roller milling 
machine was found to increase with rollers coated with two weight percentage of  
nano-clay epoxy composite compared to coated rollers with zero weight percentage 
nano-clay epoxy composite and uncoated rollers.    
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5.3.3 Production rate (kg/hr) 
 The milling performance of sorghum can be determined by the production rate of the 
milled seeds, i.e. the production rate can give a clear indication of the relationship 
between energy consumption, milling cost and milling quality (Ziggers 2001). Tables 
5.13 and 5.14 show the main effect of the factors and two way interactions between 
the factors. Figure.5.9 shows the variation in the production rate (kg/hr) of the final 
feedstock in three-way interactions under different roller gaps and speeds for both 
uncoated and rollers coated with (0wt. %) nano-clay epoxy composite or (2wt. %) 
nano-clay epoxy composite. 
Table 5.13: Effect of roller coating type, roller speed on production rate as main effect and two way 
interaction 
Production rate  (kg/hr) 
Factors 2-way interaction 
Roller 
coating  
type 
Main effect** 
Roller 
speed 
(rpm) 
Main effect** 
Roller coating type × 
Roller speed (rpm) NT 
Mean SEM Mean SEM  Mean SEM 
UCR 401.5 a 12.36 980 447.4 a 11.22 
980 452.5  19.5 
777 416.9  15.97 
533 335.1  17.03 
CR 
 (0wt. %) 
395.6 b 12.53 777 410.5 b 9.13 
980 448.3  19.82 
777 410.4  16.05 
533 328.1  17.08 
CR  
(2wt.  %) 
390.1 c 12.55 533 329.3 c 9.70 
980 441.3  20.24 
777 404.3  16.35 
533 324.7  17.39 
** P-value < 0.0001; NT: not significant; SEM: standard error of mean 
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Table 5.14: Effect of roller gap on production rate as main effect and two way interaction with roller coating 
type and roller speed  
Production rate  (kg/hr) 
Factor 2-way interaction 2-way interaction 
Roller 
gap(mm) 
Main effect** 
Roller gap (mm)× Roller 
coating type NT 
Roller gap (mm) × 
Roller speed 
(rpm)** 
 Mean SEM  Mean SEM  Mean SEM 
0.75-0.65 482.4 a 8.62 
UCR 486.5  15.35 980 535.0 a 2.26 
CR (0wt. %) 481.6 15.62 777 483.6 c 2.72 
CR (2wt. %) 479.1 15.51 533 428.6 e 1.68 
0.65-0.55 441.1 b 10.98 
UCR 446.5 19.54 980 500.7 b 1.79 
CR (0wt. %) 440.8 20.13 777 456.0 d 2.02 
CR (2wt. %) 436.0 19.56 533 366.6 g 1.77 
0.55-0.45 406.2 c 13.02 
UCR 412.8 23.43 980 475.2 c 2.15 
CR (0wt. %) 406.4 23.83 777 426.3 e 2.26 
CR (2wt. %) 399.4 22.93 533 317.0 i 2.28 
0.45-0.35 351.0 d 8.94 
UCR 357.2 15.50 980 391.3 f 6.90 
CR (0wt. %) 350.8 16.61 777 370.0 g 2.53 
CR (2wt. %) 345.0 15.94 533 291.7 j 6.12 
0.35-0.25 298.0 e 7.90 
UCR 304.4 14.23 980 334.6 h 2.16 
CR (0wt. %) 298.4 14.31 777 316.7 i 2.65 
CR (2wt. %) 291.2 13.83 533 242.6 k 1.76 
** P- value < 0.0001; NT: not significant; SEM: standard error of mean 
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Figure 5.9: Production rate (kg/hr) of milled sorghum after testing with UCR (uncoated roller), CR (coated 
roller 0wt. % nano-clay epoxy composite) and CR (coated roller 2wt.  % nano-clay epoxy composite) under 
different roller gaps and speeds 
Note: P-value not significant 
 In general, rollers coated with (2wt. %) nano-clay epoxy composite are associated 
with lower production rates under all of the operating parameters compared to rollers 
coated with (0wt. %) nano-clay epoxy composite and uncoated rollers.  
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In terms of the effect of roller gap and speed on the production rate of the feedstock, 
the machine operating with the smallest roller gap and lower roller speed produced 
lower rates of production (kg/hr) compared to the machine with the highest roller gap 
and higher roller speed. In the previous section, the reasons behind the low production 
rate come from improvements in specific surface area increase, number of particles, 
bulk density and power consumption, Figures 5.4, 5.5, 5.7 and 5.8 respectively,   when 
the rollers were coated with (2wt. %) nano-clay epoxy composite compared to the 
rollers coated with (0wt. %) nano-clay epoxy composite and uncoated rollers. 
Furthermore, the lower values in production rate when rollers were coated with  
(2wt. %) could come from the high compression behaviour and strong adhesion 
between the coated layer and the roller steel surface compared to the layer coated with 
(0wt. %) nano-clay epoxy composite (see Chapter Four, Sections 4.2.3 and 4.3). At 
the same time, it is well known that the high SSAI, number of particles Nt, and lower 
bulk density were produced by a low production rate (kg/hr) for rollers coated with 
(2wt. %) nano-clay epoxy composite compared to (0wt. %) nano-clay epoxy composite 
or uncoated rollers with the same operation parameters i.e. the lowest roller gap and 
roller speed result in an increase in the milling zone as shown in Figure. 5.10. 
Figure 5.10 illustrates the change in the milling zone. Where the A-B milling zone for 
the uncoated rollers is shorter than the milling zone for coated rollers A1-B1, the longer 
milling zone of the coated roller means that seeds stay longer time in the milling zone 
than coated one. In addition, the smallest roller gap with the increase in the milling 
zone, and lowest roller speed, contribute to keep seeds in the milling zone for a longer 
time resulting in an enhanced quality of milling feedstock as reported by researchers 
such as Samanta et al. (2014) and Vendola and Hancock (2008), The results above 
agree with Yıldırım, Bayram and Öner (2008b) and  Guritno (1992), in terms of  
the production rate of milled product having a positive relationship with rollers speed 
and gap.   
 
Figure.5.10: The Change in the length of milling zone between uncoated roller (A-B) and coated roller (A1-B1) 
in milling machine  
Coated rollers surface with two weight percentage have been observed to reduce the 
production rate of milled sorghum product due to the changing in the corrugation 
dimension and the diameter of the roller itself. After knowing the effect of rollers 
coating types with other operation parameters on the quality of final milling product 
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and milling performance. The effect of milled particle of sorghum seeds as a third 
particle on the roughness of the rollers surface is given in the next section.  
5.4 Roughness profile of roller surface   
The impact of sorghum milling (high stress 3BA) on the three types of rollers 
(uncoated, rollers coated with 0wt. % nano-clay or 2wt. % nano-clay epoxy composite) 
surfaces were determined by measuring the roughness of the surface corrugations for 
each of the rollers types. Before the tests, roughness of the roller corrugation is 
presented in Figure. 3.17 showing that the roughness was on average in (1.1 m),  
(0.8 m) and (0.9 m) for uncoated and rollers coated with (0wt. %) and (2wt. %)  
nano-clay epoxy composite, respectively. After conducting the milling experiments, 
the roughness of the roller for uncoated, (0wt. %) and (2wt. %) nano-clay epoxy 
composite are displayed in Figure. 5.11. 
An increase in roughness (4 m), (1.23 m) and (1.30 m) in average was found 
respectively. The increase in roughness after the experiments was due to the high stress 
3BA process during milling. However, it appears that the roughness for modifications 
on the rollers coated with (0wt. %) nano-clay epoxy composite is less than the uncoated 
rollers but increases for (2wt. %) nano-clay epoxy composite due to the presence of 
nano-particles in the epoxy composite.  
These results agree with the result of the compressed surface of (2wt. %) nano-clay 
epoxy composite coated layer by sorghum seeds (see Section 4.4.3) where Figures 
4.21 c-d illustrated the presence of nano-clay particles on the coated surface. This may 
contribute to an increased roughness of the surface compared to (0wt. %) nano-clay 
epoxy composite. In addition, nano-clay works as a barrier and reduces fractures on 
the coated surface compared to the epoxy matrix.  
These results agree with already published work. Behzadnasab, Mirabedini and 
Esfandeh (2013) showed there was an increase in surface roughness for the coated 
layer with increasing proportion of nano-particles in the epoxy matrix. In addition, 
Jawahar et al. (2006) found that nano-clay fillers improve wear resistance and  
the hardness of polyester composite properties, because it acts as a barrier, preventing 
large-scale fragmentation of polyester during wear testing. Moreover, nano-clay, with 
the debris through wear testing, acts as three-body roller and contributes to a decrease 
in the friction coefficient. Wetzel, Haupert and Qiu Zhang (2003) also concluded that 
roughness of epoxy/Al2O3/CaSiO3 composites was higher than pure epoxy with 
improvement in wear resistance.  
In conclusion, coating rollers with (2wt. %) nano-clay in epoxy composite exhibits 
higher surface roughness surface compared to uncoated rollers after the milling 
process. this may affect the fracture behaviour of sorghum seeds.  
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Figure 5.11: Samples of the roughness profile of the surface of the roller after the test  
(a) uncoated roller (b) coated roller (0wt. %nano-clay epoxy composite), (c) coated roller (2wt. %nano-clay epoxy composite)  
5.5 Fracture observation of milled sorghum  
The following section investigates the fracture mechanisms of sorghum seeds from 
selected sieves for three coated rollers types under specific levels of rotational speed 
and gap between the rollers. The fracture mechanism types can help to support  
the results of the quality of milled sorghum products. 
Scanning electronic microscopy (SEM) was used to study the fracture behaviour of  
the milled sorghum seeds for three types of rollers (uncoated rollers, rollers coated 
with 0wt. % nano-clay epoxy composite and 2wt. % nano-clay epoxy composite) under  
the parameters (rollers speed 500 rpm and 980 rpm) and rollers gaps (0.75 – 0.65 mm 
and 0.25 – 0.35 mm). For (SEM), milled sorghum samples were collected from two 
sieves of different size; 2.36 mm and 0.425 mm. 
5.5.1 Fracture observation of sorghum milled by uncoated rollers  
 For the fractured seeds (after testing) samples of the micrographs are displayed in 
Figure 5.12. These seeds were milled with a machine with uncoated rollers under 
different operating conditions. Figure 5.12 a shows the fragmentation and detachment 
process extending to the core of the seed (endosperm). Furthermore, there are  
micro-cracks which could initiate breakage in the seed. Figure 5.12 b shows cracks 
initiated close to the boundary of the seed, with a slight deboning, fracture and 
a) 
b)
) 
c) 
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softening process associated with fragmentation as well. In Figure 5.12 c, a highly 
deteriorated surface is observed from high roller speed due to the high energy impact 
resulting in micro-cracks and distortions in the core of particle. Similar phenomena 
can be seen in Figure. 5.12 d where a bulk in entire seed was distorted. Figure. 5.12 
e shows the detachment and splitting which occurred through milling process in the 
seed core. Furthermore, there is decomposition which could be due to the corrugation 
type in the uncoated roller. Figure.5.12 f illustrates a micro-crack initiated close to 
 the boundary of the seed, along with the fragmentation and detachment.  
The fracture observations of the milled sorghum showed that, in general, there was 
high deterioration in the seed core with two levels of speeds and gaps. This could be 
due to the corrugation design of uncoated roller as well as the roughness of  
the uncoated roller surface which was higher compared with the two kinds of coated 
rollers (see Section 5.4). In addition, this high level of deterioration in milled particles 
affect feedstock quality. In conclusion, irregular milled particles contribute to a higher 
value of geometric mean diameter   (GMD), low specific surface area increase  (SSAI), 
low number of milled particles (Nt) and a high value of bulk density as illustrated in 
Figures 5.1, 5.4, 5.5 and 5.7, respectively.  
The mechanical action of the milling process plays the main role in the degree of 
granular integrity; in other words the damage of endosperm. The degree of endosperm 
damage depends on seed hardness and milling techniques and affects the functional 
properties of the endosperm (Barrera et al. 2013). 
 The compression test in (Section 4.2.2) revealed that the endosperm is brittle cell. 
Excessive compression could result in more damage to endosperm cell (see Chapter 
Four, Figures 4.3 f and 4.3 h). The results above agree with previously published 
work. Barrera. et al. (2013) found that the milling processing can cause  physical 
damage to the granular surface with irregular, rough and less uniform surfaces and a 
reduction in granular crystallinity. Biliaderis (2009).showed that damage to granular 
endosperm of seeds depends on the milling condition when measured using X-ray 
diffraction. 
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(a) fine particle (sieve 0.425mm) 
0.25-0.35mm 533 rpm 
 
(b) coarse particle (sieve 2.36mm),  
0.65-0.75mm at 533 rpm 
 
(c)  fine particle (sieve 0.425mm)  
0.25-0.35 mm at 980 rpm 
 
(d)  course particle (sieve 2.36mm)  
0.65-0.75mm at 980 rpm   
 
(e) fine particle (sieve 0.425mm) 0.65-
0.75mm 533 rpm 
 
(f)  coarse particle (sieve 2.36mm), 
 0.25-0.35mm 980 rpm 
 
 
Figure 5.12: Micrographs of the sorghum particles after testing with uncoated rollers under different 
operating conditions 
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5.5.2 Fracture observation of sorghum milled by coated rollers  
(0wt. % nano-clay epoxy composite) 
Figures 5.13 and 5.14 represent the micrographs of the sorghum particles after testing 
with two levels of rollers gaps (0.75 – 0.65 mm and 0.25 – 0.35 mm) and low and high 
roller speeds (533 rpm) and (980 rpm) respectively. They operated with the machine 
with coated rollers (0wt. % nano-clay epoxy composite). Figure 5.13 a-f shows 
micrographs of the sorghum particles after milling with the low roller speed (533 rpm) 
at two levels of roller gaps.  
In Figure 5.13 a, there is no much damage to the cells of the particles (endosperm) 
compared to the damage seen with the uncoated rollers (Figure 5.12 a and b).  
Figure 5.13 b shows a detachment in the outer layer of the cell. There is severe damage 
to the outer shell of the seeds which represents the high stress three body abrasion 
processes. The outer shell separated from the rest of the seed without any distortion 
taking place. This could explain the small geometric mean diameter (GMD) of milled 
seeds  
(See Figure 5.1) of the seeds milled with the coated rollers (0wt. % nano-clay epoxy 
composite) compared to the uncoated ones. Moreover, this clarifies the low bulk 
density of the feedstock produced with the coated rollers (0w. %) nano-clay epoxy 
composite compared to the uncoated rollers (See Figure 5.7). In Figure. 5.13 c,  
the shell of the seed is already detached and the core of the particle exposed. However, 
no damage has occurred to the core of the seed (endosperm) since the entire seed is 
intact, as can be seen in Figure. 5.13 d and 5.13 e. Although micro-cracking, 
detachment and decomposition appear in this sample, there is not much damage to the 
cells of the particles (endosperm) compared to the damage seen with the uncoated 
rollers, Figure 5.12 e.  
Figure 5.13 f shows detachment, micro-cracking and split in the cell. There is slight 
damage to the cells of the seeds which represents high stress three body abrasion 
processes. Despite this, all cells were removed without distortion. This could explain 
the results given, with an improvement in values of GMD, specific surface area 
increase  (SSAI), number of particles and low bulk density (under 533 rpm in Figures 
5.1,  5.4, 5.5 and 5.7) for the seeds milled with the coated rollers compared to  
the uncoated rollers.  
Figure. 5.14 a-f, represents the micrographs of the sorghum particles structures after 
testing with coated rollers (0wt. % nano-clay epoxy composite) under different gaps 
between the rollers at the high speed of 980 rpm. It seems that, at the high speed of  
the rollers, there is no fragmentation or distortion in the cell that can be noticed which 
represents good quality of feedstock at such speeds with the coated roller (0wt. %) of 
nano-clay epoxy composite. Meanwhile, it is clear that brittle failure took place. 
However, the fracture observation of sorghum particles with milled coated 
rollers,(0wt. %) nano-clay epoxy composite under rollers speed of 533 rpm, reveals 
less damage to the cell or endosperm compared with 980 rpm roller speed with the 
same coating. This can explain the good quality of the feedstock in term of geometric 
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mean diameter, surface area increase, and bulk density (See Figures 5.1, 5.4 and 5.7) 
compared with 980 rpm roller speed with the coated rollers.  
 The improved separation of endosperm (with less damage) comes from the 
modification which took place in roller corrugation. This enhanced the compression 
force to rupture the seeds with less damage. Moreover, the coating process can help 
improve the fracture behaviour of the sorghum seeds (see Chapter four, section 
4.4.2). In addition, the roughness of surface coated with (0wt. %) nano-clay epoxy 
composite is less than the uncoated surface. This could also contribute to reduced 
damage to the endosperm during milling.  In general, the fracture behaviour in this 
roller milling machine depends on compression. The fracture starts on the surface of 
the seed (pericarp) with high stress which is then the transferred to the softer part 
(endosperm) with fluctuating stress. This is in agreement with Dobrzański and 
Stępniewski (2013) and Dobraszczyk et al. (2002).  
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(a) coarse particle (sieve 2.36mm),  
0.65-0.75mm 
 
(b) coarse particle (sieve 2.36mm),  
0.25-0.35mm 
 
(c)  fine particle (sieve 0.425mm), 
0.65-0.75mm 
 
(d)  fine particle (sieve 0.425mm)  
0.25-0.35mm 
 
(e)  coarse particle (sieve 2.36mm), 
 0.65-0.75mm 
 
(f)  fine particle (sieve 0.425mm) , 
 0.25-0.35mm 
 
 
Figure 5.13: Micrographs of the sorghum particles after testing with coated rollers (0wt. % nano-clay epoxy 
composite) under different operating conditions at 533 rpm 
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(a) coarse particle (sieve 
2.36mm),0.65-0.75mm 
 
(b) fine particle (sieve 0.425mm) , 
0.25-0.35mm; 
 
(c) fine particle (sieve 0.425mm) ,  
0.65-0.75mm; 
 
(d) coarse particle (sieve 2.36mm) , 
0.25-0.35mm 
 
(e) coarse particle (sieve 2.36mm)  
 0.65-0.75mm 
 
(f) fine particle (sieve 0.425mm)  
 0.65-0.75mm; 
 
  
Figure 5.14: Micrographs of the sorghum particles after testing with coated rollers (0wt. % nano-clay epoxy 
composite) under different operating conditions at 980 rpm  
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5.5.3 Fracture observation of sorghum milled by coated rollers (2wt. % 
nano-clay epoxy composite). 
Figures 5.15 and 5.16 show the micrographs of the sorghum particles after testing 
with two levels of roller gaps (0.75 – 0.65 mm and 0.25 – 0.35 mm) and low and high 
roller speeds (533 rpm) and (980 rpm) respectively. The machine operated with coated 
rollers (2wt. % nano-clay epoxy composite). Figure 5.15 a-d present the micrographs 
of sorghum particles after testing with low roller speed (533 rpm) at two levels of roller 
gaps.  
Figure 5.15 a shows a piece of sorghum particle. In this particle, the cells seems to be 
adhered well without any distortion. Under high magnification; Figure 5.15 b displays 
the cells which are beginning to separate due to three–body abrasion from  
the detachment which is revealed between the cells. Cell damage (endosperm) occurs 
in the form of fragmentation.  Figure 5.15 c there is just a micro-crack and crack 
regions between the cells which is a reflection of good separation of the cells without 
any distortion of the cells themselves. Figure 5.15 d gives a clear picture of  
the separation of cells with just a macro-crack and no much damage to the cells. 
Figure 5.16 a-d present the micrographs of sorghum particles after testing with a high 
roller speed (980 rpm) at two levels of roller gaps. Figure 5.16 a present a piece of 
milled sorghum that revealed much compression and distortion between the cells.  
In Figure 5.16 b fragmentation and detachment regions are appearing between the 
cells and the cells tend to be distorted compared to what was seen in Figure 5.15 b. 
This could be due to the high roller speed. In addition, in Figure 5.16 c there is 
fragmentation, decomposition and macro-fracture regions between the cells, and there 
is much damage to the cells themself. In Figure 5.16 d there is detachment between 
the cells damage to the cell as well.    
In general, Figures 5.15 a-c and 5.16 a-c show better milled particles compared to 
rollers coated with (0wt. %) nano-clay epoxy composite (See Figures 5.13 a-f and 
5.14 a-f). This better milling is reflected in better feed quality geometric mean 
diameter, specific surface area increase, number of particles and bulk density as 
illustrated in Figures 5.1, 5.4, 5.5 and 5.7, respectively.  
The improvement in (2wt. %) nano-clay epoxy composite compared to (0wt. %) nano-
clay epoxy composite comes from the good mechanical properties in terms of 
compression behaviour (see Section 4.2.3),  adhesion properties (see Section 4.3) as 
well as sorghum compression stress - strain test for coated layer (see Section 4.4).  
In addition, the better fracture with (2wt. %) nano-clay epoxy composite coated layer 
could also be as a result of high roughness due to presence nano-clay that might help 
in better separation of endosperm cells compared to (0wt. %) nano-clay epoxy 
composite (see Section 4.4.3).  
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(a) coarse particle (sieve 
2.36mm),0.65-0.75mm; 
 
(b) fine particle (sieve 0.425mm) , 
 0.65-0.75mm 
 
(c)  coarse particle (sieve 2.36mm) ,  
0.25-0.35mm  
 
(d)  fine particle (sieve 0.425mm) , 
0.25-0.35mm 
 
Figure 5.15: Micrographs of the sorghum particles after testing with coated rollers (2wt. % nano-clay epoxy 
composite) under different operating conditions at 533 rpm 
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(a) coarse particle (sieve 
2.36mm),0.65-0.75mm; 
 
(b) fine particle (sieve 0.425mm) , 
0.65-0.75mm; 
 
(c) coarse particle (sieve 2.36mm) 
, 0.25-0.35mm 
 
(d)  fine particle (sieve 0.425mm) , 
0.25-0.35mm  
 
 
Figure 5.16: Micrographs of the sorghum particles after testing with coated rollers (2wt. % nano-clay epoxy 
composite) under different operating conditions at 980 rpm 
5.6 Summary of the Chapter 
From the results obtained and observations made on the surface morphology, a few 
points can be concluded as follows: 
 Coated rollers have a significant effect on the quality of feedstock since coated 
rollers with (2wt. %) nano-clay epoxy composite give improved results in 
geometric mean diameter, specific surface area increase and the number of 
particles as well as enhanced bulk density with a reduction of production rate with 
an increase in power consumption compared with coated rollers (0wt. %)  
nano-clay epoxy composite and uncoated rollers.        
 Operating parameters have a significant influence on the quality of the feedstock 
and both rotational speed and roll gap control the geometric mean diameter,  
the specific surface area increase of the feedstock and the number of particles. 
Geometric mean diameter was found to reduce with the reduction of the roll gap 
and speed values while the specific surface area increased and number of particles 
exhibited the opposite behaviour to the geometric mean diameter. 
Fragmentation 
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 Operating parameters have a significant influence on the milling performance 
since rotational speed and gap control power consumption. Power consumption 
increased with the reduction of the gap and the speed values. However, the bulk 
density and production rate values declined with the increase in power 
consumption.  Power consumption exhibited the same trend as feedstock quality, 
geometric mean diameter, specific surface increase and the number of particles.  
 Epoxy coating in (0wt. %) and (2wt. %) nano-clay epoxy composite enhanced the 
roughness of the roller surface compared to original roller before and after testing. 
Epoxy coating created a smooth layer on the roller surface by filling all the defects 
in the original corrugation. In addition, it changed the cutting and rear angles 
between the roller corrugations which resulted in reduction in the geometric mean 
diameter, bulk density and production rate of the milled product while, the epoxy 
coating increased both specific surface area increase, number of particles of milled 
product and power consumption of milling machine 
 In the geometric mean diameter and bulk density results of Figures 5.1 and 5.7 
there is no significant difference between means. For example, for roller speed of 
777 rpm and 533 rpm under a gap of 25 – 35 mm, the closed results for geometric 
mean diameter and bulk density were achieved under (2wt. %) nano-clay epoxy 
composite however, under the same levels of parameters there were a significant 
effect in specific surface area increase and number of particles Figure 5.4 and 5.5 
respectively.   
 SEM observation of the fractured seeds for uncoated rollers revealed that 
fracturing occurred with different mechanisms with the presence of micro-cracks, 
fragmentations, and fracture with high distortion in the inner body of the seeds. 
However, a clear brittle fracture took place during the milling which prevented 
the distortion in the inner part of the seeds produced with the rollers coated with 
(0wt. %) nano-clay epoxy composite compared to the uncoated rollers.  
In addition, rollers coated with (2wt. %) nano-clay epoxy composite generated 
brittleness behaviour fracture as well less distortion compared to (0wt. %)  
nano-clay composite which could be the main reason for the good quality 
feedstock and improvement in milling performance 
 A study of the use of epoxy material with additives (2wt. %) nano-clay epoxy 
composite as a rollers coated material compared with rollers coated with (0wt. %) 
nano-clay epoxy composite and uncoated rollers for different design and 
dimensions of corrugation to see their effect on the final milled feedstock product 
and the post- milling coated is recommended. Significant results of the main 
independent parameters and interactions between the levels of them (i.e. rollers 
coating types, roller speed and gaps between the rollers) can be a good start point 
for future research studying the effect of an epoxy coated roller mill machine on 
animal diet, i.e., protein, fat and ash. 
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6 Chapter 6: Conclusions and recommendations 
6.1 Conclusion   
The mechanical properties of different percentages of nano-clay epoxy composites 
from zero to five weight percentage have been investigated to select the optimum 
percentage for coating roller surfaces in milling machine. Two different types of  
nano-clay epoxy composites as a coated surface on rollers milling machine have been 
selected: (0wt. %) and (2wt. %) nano-clay epoxy composite in milling sorghum seeds 
with different operating parameters, roller rotational speed, gap between rollers; and 
the results are  compared with uncoated rollers. The main effects of three factors,  
two-way interactions and three way interactions were evaluated using SAS software 
to see the effect of the factors (rollers coated type three levels, rollers rotational speed 
three levels and rollers gap five levels) on the quality of milled feedstock and milling 
performance. The main conclusions of the present study are distilled into the following 
points: 
 Under tribology testing, the wear rate and fracture observation of epoxy 
material was less than polyester material. 
 Nano-clay additives to five weight percentage in epoxy matrix enhanced the 
compression loading compared to zero weight percentage nano-clay epoxy 
composites, with a reduction in deformation rate. 
 Adhesive properties were improved under tensile testing with two weight 
percentage nano-clay epoxy composite with a simultaneous reduction in strain 
rate. 
 The deformation rate of the coated layer of nano-clay epoxy composites 
decreased against compressed sorghum seeds with increasing amount of  
nano-clay percentage in epoxy matrix. 
 In two weight percent nano-clay epoxy composite, the micrograph of  
the fracture surface shows fewer cracks and higher toughness in contrast with 
zero weight percent and four weight percent in compression tests. 
 The failure surface of the adhesive material with the steel material for two 
weight percentage revealed resistance to shear compared with other failure 
surfaces for different nano-clay percentage in micrographs results.  
 The micrograph of fracture surface of coated layer of nano-clay epoxy 
composite samples due to compression loading against sorghum seeds showed 
that coated layer of two weight percentage of nano-clay epoxy composite was 
less compared with other different percentages of nano-clay epoxy composite 
when compressed by sorghum seeds. 
 The failure of sorghum seeds is governed by the variation in moisture content 
and the nature of seeds i.e. size and shape. In general, the failure in sorghum 
seeds started between 10 MPa – 15 MPa with maximum strength at 18 MPa. 
The micrographs of the fractured seeds revealed different fracture regions in 
the pericarp and endosperm of seeds. The hard part of sorghum seeds that 
requires more strength to fracture is the pericarp, whereas the soft part, the 
endosperm, requires less strength to fracture.    
 With different percentages of nano-clay epoxy composite, there is no 
difference in the fracture mechanism of sorghum seeds when compressed 
against the coated layer of nano-clay epoxy composites. However two weight 
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percentage revealed improvement in the separation of the cells compared to 
other percentages of nano-clay in epoxy matrix. 
 Coated roller with two weight percentage nano-clay epoxy composite 
significantly improved the feedstock quality and milling performance in 
contrast to zero weight percentage nano-clay composite and uncoated rollers. 
 A decrease in rotation speed of rollers and gap between the rollers, has  
a significant impact on the feedstock quality and milling performance in terms 
of reducing geometric mean diameter, increasing specific surface area increase 
and number of the milled particles per sample, reducing bulk density and 
production rates with coated rollers of  two weight percentage nano-clay epoxy 
composite compared with other coated rollers types. 
 A decrease in the rotation speed of rollers and a roll gap significantly affected 
the milling performance in terms of the increase in power consumption in two 
weight percentage of nano-clay epoxy composite compared with other coated 
rollers types. 
6.2 Recommendations 
As the current research focused on the use of nano-clay epoxy composites as a coated 
layer on the surface of the rollers and its effect on the quality of feedstock and milling 
performance, some recommendations can be given to assist farmers and other 
researchers in their work. These are as follows: 
 As the coating process results in significantly improved feedstock quality, it is 
recommended that farmers take up the coating process.  
 Using roller milling machine with lower rotational roller speed and gap between 
the rollers will enhance the quality of milled feedstock.   
 In some feedstock results, there is no significant difference between the means 
such as geometric mean diameter under specific levels of parameters in three way 
interaction while under the same level of parameters in the same interaction, there 
is a significant result in specific area increase. This could be a starting point for 
investigation the effect on animal performance. 
 A further studying of the effect of using zero and two weight percentage of nano-
clay epoxy composite as coated layers on different designs and dimensions of 
roller corrugation and to see their effect on the quality of feedstock is 
recommended. The quality of the feedstock could then be measured in terms of 
protein, ash and milling performance compared with these achieved with uncoated 
rollers.  
 Improving the crushed sorghum feedstock quality in (2wt. %) nano-clay epoxy 
composite can contribute to an enhanced production of products such as, eggs in 
poultry, milk in dairy cattle and meat. Therefore, it is worth analysing input costs 
and outputs associated with sorghum seed milling in a future study.   
 
 
  
121 
 
7 References 
Abdul Khalil, HPS, Fizree, HM, Bhat, AH, Jawaid, M & Abdullah, CK 2013, 
'Development and characterization of epoxy nanocomposites based on nano-structured 
oil palm ash', Composites Part B: Engineering, vol. 53, pp. 324-33. 
Adapa, P, Tabil, L & Schoenau, G 2011, 'Grinding performance and physical 
properties of non-treated and steam exploded barley, canola, oat and wheat straw', 
Biomass and Bioenergy, vol. 35, no. 1, pp. 549-61. 
Ahmad, KZK, Ahmad, SH, Tarawneh, MA & Apte, PR 2012, 'Evaluation of 
Mechanical Properties of Epoxy/Nanoclay/Multi-Walled Carbon Nanotube 
Nanocomposites using Taguchi Method', Procedia Chemistry, vol. 4, pp. 80-6. 
Al-Rabadi, GJS, Gilbert, RG & Gidley, MJ 2009, 'Effect of particle size on kinetics of 
starch digestion in milled barley and sorghum grains by porcine alpha-amylase', 
Journal of Cereal Science, vol. 50, no. 2, pp. 198-204. 
Al-Sandooq, J, Yousif, B & Jensen, T 2012, 'Tribological Consideration in Roller Mill 
Machines for Agriculture Applications', Surface Review and Letters, vol. 19, no. 6, pp. 
1-11. 
Alamri, H & Low, I-M 2010, 'Mechanical and fracture properties of nano-filler-
cellulose fibre-reinforced epoxy nanocomposites', in Engineers Australia 2010, 
Proceedings of the 6th Australasian Congress on Applied Mechanics, Engineers 
Australia, Perth, Australia. 
Alamri, H & Low, IM 2012, 'Microstructural, mechanical, and thermal characteristics 
of recycled cellulose fiber‐halloysite‐epoxy hybrid nanocomposites', Polymer 
Composites, vol. 33, no. 4, pp. 589-600. 
Alamri. & Low. 2012, 'Effect of water absorption on the mechanical properties of 
nano-filler reinforced epoxy nanocomposites', Materials and Design, vol. 42, pp. 214-
22. 
Albdiry, M & Yousif, B 2014, 'Role of silanized halloysite nanotubes on structural, 
mechanical properties and fracture toughness of thermoset nanocomposites', Materials 
and Design, vol. 57, pp. 279-88. 
Alexandre, M & Dubois, P 2000, 'Polymer-layered silicate nanocomposites: 
preparation, properties and uses of a new class of materials', Materials Science and 
Engineering, vol. 28, no. 1-2, pp. 1-63. 
Amerah, A, Ravindran, V, Lentle, R & Thomas, D 2007a, 'Influence of particle size 
on the performance, digesta characteristics and energy utilisation of broilers fed maize 
and wheat based diets', in Australian 2007,Proceedings of the Australian Poultry 
Science Symposium, Sydney, pp. 89-92. 
Amerah, A, Ravindran, V, Lentle, R & Thomas, D 2007b, 'Feed particle size: 
Implications on the digestion and performance of poultry', World's Poultry Science 
Journal, vol. 63, no. 03, pp. 439-55. 
 
122 
 
Antoine, C, Peyron, S, Mabille, F, Lapierre, C, Bouchet, B, Abecassis, J & Rouau, X 
2003, 'Individual contribution of grain outer layers and their cell wall structure to the 
mechanical properties of wheat bran', Journal of Agricultural and Food Chemistry, 
vol. 51, no. 7, pp. 2026-33. 
ASABE 2008, Method of determining and expressing fineness of feed materials by 
sieving, ASABE  S319.4, Transactions of The American Society of Agricultural and 
Biological Engineers. 
ASABE 2012, Moisture Measurement - Forages S358.3, Transactions of American 
Society of Agricultural and Biological Engineers, Joseph, USA. 
ASTM 1996, Standard test method for compressive properties of rigid plastics D695-
10, Designation , D695-96, American Society for Testing and Materials,  West 
Conshohocken United States. 
ASTM 2010, Standard test method for tensile properties of plastics D638, American 
Society for Testing and Materials,  West Conshohocken United States. 
Azeez, AA, Rhee, KY, Park, SJ & Hui, D 2013, 'Epoxy clay nanocomposites–
processing, properties and applications: a review', Composites Part B: Engineering, 
vol. 45, no. 1, pp. 308-20. 
Babić, L, Babić, M, Turan, J, Matić‐Kekić, S, Radojčin, M, Mehandžić‐Stanišić, S, 
Pavkov, I & Zoranović, M 2011, 'Physical and stress–strain properties of wheat 
(Triticum aestivum) kernel', Journal of the Science of Food and Agriculture, vol. 91, 
no. 7, pp. 1236-43. 
Baltensperger, W & Linzberger, R 1993, Method for the production of milled grain 
products and roller mill, USA Patent 5201470A. 
Barekatain, MR, Antipatis, C, Choct, M & Iji, PA 2013, 'Interaction between protease 
and xylanase in broiler chicken diets containing sorghum distillers’ dried grains with 
solubles', Animal Feed Science and Technology, vol. 182, no. 1–4, pp. 71-81. 
Barrera, Bustos, MC, Iturriaga, L, Flores, SK, León, AE & Ribotta, PD 2013, 'Effect 
of damaged starch on the rheological properties of wheat starch suspensions', Journal 
of Food Engineering, vol. 116, no. 1, pp. 233-9. 
Barrera., Calderón-Domínguez, G, Chanona-Pérez, J, Gutiérrez-López, GF, León, AE 
& Ribotta, PD 2013, 'Evaluation of the mechanical damage on wheat starch granules 
by SEM, ESEM, AFM and texture image analysis', Carbohydrate Polymers, vol. 98, 
no. 2, pp. 1449-57. 
Baskaran, R, Sarojadevi, M & Vijayakumar, C 2011, 'Unsaturated polyester 
nanocomposites filled with nano alumina', Journal of Materials Science, vol. 46, no. 
14, pp. 4864-71. 
Bayram, M & Öner, MD 2005, 'Stone, disc and hammer milling of bulgur', Journal of 
Cereal Science, vol. 41, no. 3, pp. 291-6. 
Bayram, M & Öner, MD 2007, 'Bulgur milling using roller, double disc and vertical 
disc mills', Journal of Food Engineering, vol. 79, no. 1, pp. 181-7. 
123 
 
Behzadnasab, M, Mirabedini, SM & Esfandeh, M 2013, 'Corrosion protection of steel 
by epoxy nanocomposite coatings containing various combinations of clay and 
nanoparticulate zirconia', Corrosion Science, vol. 75, pp. 134-41. 
Biliaderis, C 2009, 'Structural transitions and related physical properties of starch', 
Chemistry and Technology, pp. 293-372. 
Bourithis, L & Papadimitriou, G 2005, 'Three body abrasion wear of low carbon steel 
modified surfaces', Wear, vol. 258, no. 11-12, pp. 1775-86. 
Burkholder, GL, Kwon, YW & Pollak, RD 2011, 'Effect of carbon nanotube 
reinforcement on fracture strength of composite adhesive joints', Journal of Materials 
Science, vol. 46, no. 10, pp. 3370-7. 
Cabrera, MR 1992, 'Effects of sorghum genotype and particle size on milling 
characteristics and performance of finishing pigs, broiler chicks, and laying hens', 
M.Sc. thesis, Kansas State University, Manhattan, United States. 
Cabrera, MR, Hancock, JD, Behnke, KC, Hines, RH & Bramel-Cox, PJ 1994a, 'Corn, 
sorghum genotype, and particle size affect milling characteristics and productivity of 
commercial egg-type hens', Poultry Science, vol. 73, no. 11. 
Campbell, GM & Webb, C 2001, 'On predicting roller milling performance: Part I: the 
breakage equation', Powder Technology, vol. 115, no. 3, pp. 234-42. 
Campbell, GM, Fang, C & Muhamad, II 2007, 'On Predicting Roller Milling 
Performance VI: Effect of Kernel Hardness and Shape on the Particle Size Distribution 
from First Break Milling of Wheat', Food and Bioproducts Processing, vol. 85, no. 1, 
pp. 7-23. 
Campbell, GM, Sharp, C, Wall, K, Mateos-Salvador, F, Gubatz, S, Huttly, A & 
Shewry, P 2012, 'Modelling wheat breakage during roller milling using the Double 
Normalised Kumaraswamy Breakage Function: Effects of kernel shape and hardness', 
Journal of Cereal Science, vol. 55, no. 3, pp. 415-25. 
Carter, R 1996, 'Effects of feedmill processes on the nutritional value of grain sorghum 
for livestock', in Melbourne, 1996, Third Australian Sorghum Conference, Melbourne, 
pp. 251-60. 
Chakraverty, A & Paul, S 2001, Postharvest technology: cereals, pulses, fruits and 
vegetables, Science Publishers, Inc., Enfield, USA. 
Chand, N, Naik, A & Neogi, S 2000, 'Three-body abrasive wear of short glass fibre 
polyester composite', Wear, vol. 242, no. 1-2, pp. 38-46. 
Chen, C, Khobaib, M & Curliss, D 2003, 'Epoxy layered-silicate nanocomposites', 
Progress in Organic Coatings, vol. 47, no. 3–4, pp. 376-83. 
Chin, CW & Yousif, F 2009, 'Influence of particle size, applied load, and fibre 
orientation on 3B-A wear and frictional behaviour of epoxy composite based on kenaf 
fibres.', Engineering Tribology, vol. 224, pp. 481-9. 
124 
 
Chisholm, N, Mahfuz, H, Rangari, VK, Ashfaq, A & Jeelani, S 2005, 'Fabrication and 
mechanical characterization of carbon/SiC-epoxy nanocomposites', Composite 
Structures, vol. 67, no. 1, pp. 115-24. 
Chowdhury, FH, Hosur, MV & Jeelani, S 2006, 'Studies on the flexural and 
thermomechanical properties of woven carbon/nanoclay-epoxy laminates', Materials 
Science and Engineering: A, vol. 421, no. 1-2, pp. 298-306. 
Chruściel, JJ & Leśniak, E 2015, 'Modification of epoxy resins with functional silanes, 
polysiloxanes, silsesquioxanes, silica and silicates', Progress in Polymer Science, vol. 
41, pp. 67-121. 
Costa, A, Guarino, M, Navarotto, P, Savoini, G & Berckmans, D 2007, 'Effects of 
Corn Milling Type on Physical Characteristics and Dustiness of Swine Diets', 
Transactions of The American Society of Agricultural and Biological Engineers,  
vol. 50, no. 5, pp. 1759-64. 
Da Silva, LF, Rodrigues, T, Figueiredo, M, De Moura, M & Chousal, J 2006, 'Effect 
of adhesive type and thickness on the lap shear strength', The Journal of Adhesion,  
vol. 82, no. 11, pp. 1091-115. 
Da Silva, LF, Carbas, R, Critchlow, GW, Figueiredo, M & Brown, K 2009, 'Effect of 
material, geometry, surface treatment and environment on the shear strength of single 
lap joints', International Journal of Adhesion and Adhesives, vol. 29, no. 6,  
pp. 621-32. 
Dobraszczyk, BJ, Whitworth, MB, Vincent, JFV & Khan, AA 2002, 'Single Kernel 
Wheat Hardness and Fracture Properties in Relation to Density and the Modelling of 
Fracture in Wheat Endosperm', Journal of Cereal Science, vol. 35, no. 3, pp. 245-63. 
Dobrzański, B & Stępniewski, A 2013, 'Physical Properties of Seeds in Technological 
Processes', in Stanislaw Grundas and Andrzej Stepniewski (ed.), Advances in 
Agrophysical Research, Lublin, Poland. 
Dziki, D 2008, 'The crushing of wheat kernels and its consequence on the grinding 
process', Powder Technology, vol. 185, no. 2, pp. 181-6. 
Dziki, D & Laskowski, J 2004, 'The energy-consuming indexes of wheat kernel 
grinding process', TEKA Commission of Motorization and Power Industry in 
Agriculture, vol. 4, pp. 62–9. 
Eastridge, ML & Firkins, JL 2011, 'Feed ingredients, feed concentrates, cereal grains', 
in WF Editor-in-Chief:John (ed.), Encyclopedia of Dairy Sciences (Second Edition), 
Academic Press, San Diego, pp. 335-41. 
Edwards, MA, Osborne, BG & Henry, RJ 2007, 'Investigation of the effect of 
conditioning on the fracture of hard and soft wheat grain by the single-kernel 
characterization system: A comparison with roller milling', Journal of Cereal Science, 
vol. 46, no. 1, pp. 64-74. 
Edwards, MA, Osborne, BG & Henry, RJ 2008, 'Effect of endosperm starch granule 
size distribution on milling yield in hard wheat', Journal of Cereal Science, vol. 48, 
no. 1, pp. 180-92. 
125 
 
El-Assal, AM & Khashaba, UA 2007, 'Fatigue analysis of unidirectional GFRP 
composites under combined bending and torsional loads', Composite Structures,  
vol. 79, no. 4, pp. 599-605. 
El-Porai, ES, Salama, AE, Sharaf, AM, Hegazy, AI & Gadallah, MGE 2013, 'Effect 
of different milling processes on Egyptian wheat flour properties and pan bread 
quality', Annals of Agricultural Sciences, vol. 58, no. 1, pp. 51-9. 
Fang, Haque, E, Spillman, C, Reddy, P & Steele, J 1998, 'Energy requirements for size 
reduction of wheat using a roller mill', Transactions of The American Society of 
Agricultural and Biological Engineers, vol. 41, no. 6, pp. 1713-20. 
Fang, C & Campbell, GM 2002, 'Effect of roll fluting disposition and roll gap on 
breakage of wheat kernels during first-break roller milling', Cereal chemistry, vol. 79, 
no. 4, pp. 518-22. 
Fang, Q, Bölöni, I, Haque, E & Spillman, C 1997a, 'Comparison of energy efficiency 
between a roller mill and a hammer mill', Applied Engineering in Agriculture, vol. 13, 
no. 5, pp. 631-5. 
Fang, Q, Bölöni, I, Haque, E & Spillman, CK 1997b, 'Comparison of energy efficiency 
between a roller mill and a hammer mill ', Applied Engineering in Agriculture, vol. 13, 
no. 5, pp. 631-5. 
Fang, Q, Hanna, M, Haque, E & Spillman, C 2000, 'Neural network modeling of 
energy requirements for size reduction of wheat', Transactions of The American 
Society of Agricultural Engineers, vol. 43, no. 4, pp. 947-52. 
Fernholz, MC 2008, 'Evaluation of four sorghum hybrids through the development of 
sorghum flour tortillas', M.Sc. thesis, Kansas State University, USA. 
Fiore, V & Valenza, A 2013, '5 - Epoxy resins as a matrix material in advanced fiber-
reinforced polymer (FRP) composites', in J Bai (ed.), Advanced Fibre-Reinforced 
Polymer (FRP) Composites for Structural Applications, Woodhead Publishing,  
pp. 88-121. 
Fistes, A, Tanovic, G & Mastilovic, J 2008, 'Using the eight-roller mill on the front 
passages of the reduction system', Journal of Food Engineering, vol. 85, no. 2,  
pp. 296-302. 
Frederick, EJ 2009, 'Effect of sorghum flour composition and particle size on quality 
of gluten-free bread', M.Sc. thesis, Kansas State University, USA. 
Frederiksen, RA & Odvody, GN 2000, Compendium of sorghum diseases, American 
Phytopathological Society (APS Press), St. Paul, USA. 
Freedonia 2005, World Nanomaterials US Industry Study forecasts to 2008, 2013 & 
2020, Nanomaterials, The Freedonia Group, Freedonia Group, Cleveland, OH viewed 
20 June, <http://www.freedoniagroup.com/brochure/19xx/1911smwe.pdf>. 
  
126 
 
Froidmont, E, Bonnet, M, Oger, R, Decruyenaere, V, Romnée, JM, Beckers, Y & 
Bartiaux-Thill, N 2008, 'Influence of the grinding level and extrusion on the nutritional 
value of lupin seed (Lupinus albus) for cattle in the context of the Dutch protein 
evaluation system', Animal Feed Science and Technology, vol. 142, no. 1-2,  
pp. 59-73. 
Garg, MR, Sherasia, PL, Bhanderi, BM, Phondba, BT, Shelke, SK & Makkar, HPS 
2013, 'Effects of feeding nutritionally balanced rations on animal productivity, feed 
conversion efficiency, feed nitrogen use efficiency, rumen microbial protein supply, 
parasitic load, immunity and enteric methane emissions of milking animals under field 
conditions', Animal Feed Science and Technology, vol. 179, no. 1–4, pp. 24-35. 
Glenn, G, Younce, F & Pitts, M 1991, 'Fundamental physical properties characterizing 
the hardness of wheat endosperm', Journal of Cereal Science, vol. 13, no. 2,  
pp. 179-94. 
Gojny, FH, Wichmann, MHG, Köpke, U, Fiedler, B & Schulte, K 2004, 'Carbon 
nanotube-reinforced epoxy-composites: enhanced stiffness and fracture toughness at 
low nanotube content', Composites Science and Technology, vol. 64, no. 15, pp. 2363-
71. 
Greffeuille, V, Mabille, F, Rousset, M, Oury, FX, Abecassis, J & Lullien-Pellerin, V 
2007, 'Mechanical properties of outer layers from near-isogenic lines of common 
wheat differing in hardness', Journal of Cereal Science, vol. 45, no. 2, pp. 227-35. 
Gregor, H 2014, Sorghum crop set to plummet, Queensland Country Life,  viewed 25 
November 2014, <http://www.queenslandcountrylife.com.au/story/3381106/small-
fta-gains-for-sorghum-barley/>. 
Gude, MR, Prolongo, SG, Gómez-del Río, T & Ureña, A 2011, 'Mode-I adhesive 
fracture energy of carbon fibre composite joints with nanoreinforced epoxy adhesives', 
International Journal of Adhesion and Adhesives, vol. 31, no. 7, pp. 695-703. 
Gupta, N, Lin, TC & Shapiro, M 2007, 'Clay-epoxy nanocomposites: Processing and 
properties', Research Summary Nanocomposite Materials (JOM), vol. 59, no. 3,  
pp. 61-5. 
Gupta, RK & Das, SK 2000, 'Fracture resistance of sunflower seed and kernel to 
compressive loading', Journal of Food Engineering, vol. 46, no. 1, pp. 1-8. 
Guritno, P 1992, 'Analysis of a three-roller mill for grain processing', Ph.D. thesis, 
Kansas State University, Manhattan, United States. 
Hackman, I & Hollaway, L 2006, 'Epoxy-layered silicate nanocomposites in civil 
engineering', Composites Part A: Applied Science and Manufacturing, vol. 37, no. 8, 
pp. 1161-70. 
Hafi, A & Rodriguez, A 2000, Projection of regional feed demand and supply in 
Australia, Australian Bureau of Agricultural and Resource Economics, Canberra, 
viewed 10 January 2013, 
<http://www.dpi.nsw.gov.au/__data/assets/pdf_file/0004/146218/err-03-Economic-
asessment-of-improving-nutritional-characteristics-of-food-grains.pdf>. 
 
127 
 
Hamed, E & Bradford, MA 2010, 'Creep in concrete beams strengthened with 
composite materials', European Journal of Mechanics Solids, vol. 29, no. 6,  
pp. 951-65. 
Haque, A, Shamsuzzoha, M, Hussain, F & Dean, D 2003, 'S2-glass/epoxy polymer 
nanocomposites: manufacturing, structures, thermal and mechanical properties', 
Journal of Composite Materials, vol. 37, no. 20, p. 1821. 
Haque, E 1991, 'Three-roller cereal mill using triangular roll configuration ', 
Transactions of The American Society of Agricultural Engineers, vol. 5, no. 34,  
pp. 2104-9. 
Harlin, P & Olsson, M 2009, 'Abrasive wear resistance of starch consolidated and 
sintered high speed steel', Wear, vol. 267, no. 9-10, pp. 1482-9. 
Harsha, AP & Tewari, US 2003, 'Two-body and three-body abrasive wear behaviour 
of polyaryletherketone composites', Polymer Testing, vol. 22, no. 4, pp. 403-18. 
Harsha, AP, Tewari, US & Venkatraman, B 2003, 'Three-body abrasive wear 
behaviour of polyaryletherketone composites', Wear, vol. 254, no. 7-8, pp. 680-92. 
Hauhouot, M, Solie, J, Brusewitz, G & Peeper, T 1997, Roller and hammer milling 
cheat (brooms secalinus) to reduce germination as an alternative to herbicides, Paper 
No. 971002, American Society of Agricultural and Biological Engineers, St. Joseph, 
MI. 
Healy, B, Hancock, J, Bramel-Cox, P, Behnke, K & Kennedy, G 1991, 'Optimum 
particle size of corn and hard and soft sorghum grain for nursery pigs and broiler 
chicks,' in 1991 Swine Day,: proceedings of the Swine Day, Kansas State University. 
Agricultural Experiment Station and Cooperative Extension Service , Manhattan, 
USA.  
Heimann, M 2002, 'The bottom line of grinding', Feed International, vol. 23, no. 5, 
pp. 32-4. 
Hemery, YM, Mabille, F, Martelli, MR & Rouau, X 2010, 'Influence of water content 
and negative temperatures on the mechanical properties of wheat bran and its 
constitutive layers', Journal of Food Engineering, vol. 98, no. 3, pp. 360-9. 
Ho, M-W, Lam, C-K, Lau, K-t, Ng, DHL & Hui, D 2006, 'Mechanical properties of 
epoxy-based composites using nanoclays', Composite Structures, vol. 75, no. 1–4,  
pp. 415-21. 
Hoseney, R, Wade, P & Finley, J 1988, 'Soft wheat products', Wheat Chemistry and 
Technology, vol. 2, pp. 407-56. 
Hsiao, K-T, Alms, J & Advani, SG 2003, 'Use of epoxy/multiwalled carbon nanotubes 
as adhesives to join graphite fibre reinforced polymer composites', Nanotechnology, 
vol. 14, no. 7, p. 791. 
Hsieh, T, Kinloch, A, Masania, K, Lee, JS, Taylor, A & Sprenger, S 2010, 'The 
toughness of epoxy polymers and fibre composites modified with rubber 
microparticles and silica nanoparticles', Journal of Materials Science, vol. 45, no. 5, 
pp. 1193-210. 
128 
 
Jawahar, P, Gnanamoorthy, R & Balasubramanian, M 2006, 'Tribological behaviour 
of clay - thermoset polyester nanocomposites', Wear, vol. 261, no. 7-8, pp. 835-40. 
Jongkaewwattana, S & Geng, S 2001, 'Inter‐relationships Amongst Grain 
Characteristics, Grain‐Filling Parameters and Rice (Oryza sativa L.) Milling Quality', 
Journal of Agronomy and Crop Science, vol. 187, no. 4, pp. 223-9. 
Jumahat, A, Soutis, C, Mahmud, J & Ahmad, N 2012, 'Compressive properties of 
nanoclay/epoxy nanocomposites', Procedia Engineering, vol. 41, pp. 1607-13. 
Kahyaoglu, LN, Sahin, S & Sumnu, G 2010, 'Physical properties of parboiled wheat 
and bulgur produced using spouted bed and microwave assisted spouted bed drying', 
Journal of Food Engineering, vol. 98, no. 2, pp. 159-69. 
Kandare, E, Khatibi, AA, Yoo, S, Wang, R, Ma, J, Olivier, P, Gleizes, N & Wang, CH 
2015, 'Improving the through-thickness thermal and electrical conductivity of carbon 
fibre/epoxy laminates by exploiting synergy between graphene and silver nano-
inclusions', Composites Part A: Applied Science and Manufacturing, vol. 69,  
pp. 72-82. 
Kim, BC, Park, SW & Lee, DG 2008, 'Fracture toughness of the nano-particle 
reinforced epoxy composite', Composite Structures, vol. 86, no. 1–3, pp. 69-77. 
Kim, BC, Park, DC, Kim, BJ & Lee, DG 2010, 'Through-thickness compressive 
strength of a carbon/epoxy composite laminate', Composite Structures, vol. 92, no. 2, 
pp. 480-7. 
Kim, D-H & Kim, H-S 2013, 'Waterproof characteristics of nanoclay/epoxy 
nanocomposite in adhesively bonded joints', Composites Part B: Engineering, vol. 55, 
pp. 86-95. 
Kim, D-H & Kim, H-S 2014, 'Investigation of hygroscopic and mechanical properties 
of nanoclay/epoxy system: Molecular dynamics simulations and experiments', 
Composites Science and Technology, vol. 101, pp. 110-20. 
Kim, J, Mullan, B & Pluske, J 2005, 'A comparison of waxy versus non-waxy wheats 
in diets for weaner pigs: effects of particle size, enzyme supplementation, and 
collection day on total tract apparent digestibility and pig performance', Animal Feed 
Science and Technology, vol. 120, no. 1, pp. 51-65. 
Koch, K 1996, Hammermills and roller mills, Kansas State University Agricultural 
Experiment Station and Cooperative Extension Service, Kansas State University, 
viewed 20 April 2011, <http://tarwi.lamolina.edu.pe/~cgomez/mf2048.pdf>. 
Koch, K 2008, 'Feed Mill Efficiency', in 2008, the 16th Annual ASA-IM SEA Feed 
Technology and Nutrition Workshop Singapore, pp. 1-13. 
Lafdi, K, Fox, W, Matzek, M & Yildiz, E 2008, 'Effect of carbon nanofiber-matrix 
adhesion on polymeric nanocomposite properties: part II', Journal of Nanomaterials, 
no. 5, p. 5. 
  
129 
 
Lahaye, L, Ganier, P, Thibault, J, Riou, Y & Seve, B 2008, 'Impact of wheat grinding 
and pelleting in a wheat–rapeseed meal diet on amino acid ileal digestibility and 
endogenous losses in pigs', Animal Feed Science and Technology, vol. 141, no. 3,  
pp. 287-305. 
Lau, KT, Lu, M & Hui, D 2006, 'Coiled carbon nanotubes: Synthesis and their 
potential applications in advanced composite structures', Composites Part B: 
Engineering, vol. 37, no. 6, pp. 437-48. 
LeBaron, PC, Wang, Z & Pinnavaia, TJ 1999, 'Polymer-layered silicate 
nanocomposites: an overview', Applied Clay Science, vol. 15, no. 1-2, pp. 11-29. 
Léder, I 2004, Sorghum and millets, Cultivated Plants, Primarily as Food Sources, 
Hungary viewed 12 October 2012, 
<http://www.eolss.net/ebooks/sample%20chapters/c10/e5-02-01-04.pdf>. 
Lee, WJ, Pedersen, JF & Shelton, DR 2002, 'Relationship of Sorghum kernel size to 
physiochemical, milling, pasting, and cooking properties', Food Research 
International, vol. 35, no. 7, pp. 643-9. 
Lesniewski, T & Krawiec, S 2008, 'The effect of ball hardness on four-ball wear test 
results', Wear, vol. 264, no. 7-8, pp. 662-70. 
Lin, J-C 2007, 'Compression and wear behavior of composites filled with various 
nanoparticles', Composites Part B: Engineering, vol. 38, no. 1, pp. 79-85. 
Lin, L-Y, Lee, J-H, Hong, C-E, Yoo, G-H & Advani, SG 2006, 'Preparation and 
characterization of layered silicate/glass fiber/epoxy hybrid nanocomposites via 
vacuum-assisted resin transfer molding (VARTM)', Composites Science and 
Technology, vol. 66, no. 13, pp. 2116-25. 
Liu, L, Herald, TJ, Wang, D, Wilson, JD, Bean, SR & Aramouni, FM 2012, 
'Characterization of sorghum grain and evaluation of sorghum flour in a Chinese egg 
noodle system', Journal of Cereal Science, vol. 55, no. 1, pp. 31-6. 
Liu, SY, Selle, PH & Cowieson, AJ 2013, 'Strategies to enhance the performance of 
pigs and poultry on sorghum-based diets', Animal Feed Science and Technology,  
vol. 181, no. 1–4, pp. 1-14. 
Liu, W, Hoa, SV & Pugh, M 2005, 'Fracture toughness and water uptake of high-
performance epoxy/nanoclay nanocomposites', Composites Science and Technology, 
vol. 65, no. 15, pp. 2364-73. 
Luo, J-J & Daniel, IM 2003, 'Characterization and modeling of mechanical behavior 
of polymer/clay nanocomposites', Composites Science and Technology, vol. 63,  
no. 11, pp. 1607-16. 
Luo, Q, Xie, J & Lu, W 1993, 'Investigation of the wear failure mechanism of a flour 
milling roller', Wear, vol. 161, no. 1-2, pp. 11-6. 
Mallick, P 1993, Fiber-reinforced composites: materials, manufacturing, and design, 
(CRC) Taylor and Francis Group Press, USA. 
 
130 
 
Mani, S, Tabil, LG & Sokhansanj, S 2004, 'Grinding performance and physical 
properties of wheat and barley straws, corn stover and switchgrass', Biomass and 
Bioenergy, vol. 27, no. 4, pp. 339-52. 
Markkula, S, Malecki, HC & Zupan, M 2013, 'Uniaxial tension and compression 
characterization of hybrid CNS–glass fiber–epoxy composites', Composite Structures, 
vol. 95, pp. 337-45. 
Mateos-Salvador, F, Sadhukhan, J & Campbell, GM 2011, 'The normalised 
Kumaraswamy breakage function: A simple model for wheat roller milling', Powder 
Technology, vol. 208, no. 1, pp. 144-57. 
Mathew, M, Stack, M, Matijevic, B, Rocha, L & Ariza, E 2008, 'Micro-abrasion 
resistance of thermochemically treated steels in aqueous solutions: mechanisms, maps, 
materials selection', Tribology International, vol. 41, no. 2, pp. 141-9. 
Mavromichalis, I, Hancock, J, Senne, B, Gugle, T, Kennedy, G, Hines, R & Wyatt, C 
2000, 'Enzyme supplementation and particle size of wheat in diets for nursery and 
finishing pigs', Journal of Animal Science, vol. 78, no. 12, pp. 3086-95. 
Meguid, S & Sun, Y 2004, 'On the tensile and shear strength of nano-reinforced 
composite interfaces', Materials and Design, vol. 25, no. 4, pp. 289-96. 
Meuser, F 2003, 'Types of Mill and Their Uses', in C Benjamin (ed.), Encyclopedia of 
Food Sciences and Nutrition (Second Edition), Academic Press, Oxford, London,  
pp. 3987-97. 
Mirmohseni, A & Zavareh, S 2010, 'Preparation and characterization of an epoxy 
nanocomposite toughened by a combination of thermoplastic, layered and particulate 
nano-fillers', Materials and Design, vol. 31, no. 6, pp. 2699-706. 
Mishra, S, Mohanty, AK, Drzal, LT, Misra, M, Parija, S, Nayak, SK & Tripathy, SS 
2003, 'Studies on mechanical performance of biofibre/glass reinforced polyester 
hybrid composites', Composites Science and Technology, vol. 63, no. 10, pp. 1377-85. 
Miyagawa, H & Drzal, LT 2004, 'The effect of chemical modification on the fracture 
toughness of montmorillonite clay/epoxy nanocomposites', Journal of Adhesion 
Science and Technology, vol. 18, no. 13, pp. 1571-88. 
Miyagawa, H, Foo, KH, Daniel, IM & Drzal, LT 2005, 'Mechanical properties and 
failure surface morphology of amine‐cured epoxy/clay nanocomposites', Journal of 
Applied Polymer Science, vol. 96, no. 2, pp. 281-7. 
Mohan, N, Natarajan, S & KumareshBabu, SP 2011, 'Abrasive wear behaviour of hard 
powders filled glass fabric-epoxy hybrid composites', Materials and Design, vol. 32, 
no. 3, pp. 1704-9. 
Mohanty, A, Misra, M & Drzal, L 2001, 'Surface Modification of Natural Fibers to 
Improve Adhesion as Reinforcements for Thermoset Composites', in 2001, 
Proceedings of the 24th annual meeting of The Adhesion Society, Virginia, p. 25.8. 
Mowrer, NR & Sheth, KJ 2010, Silicone resin containing coating compositions, 
related coated substrates and methods, OHIO, USA Patent,US 20070213492 A1. 
131 
 
Muhamad, II & Campbell, GM 2004, 'Effects of kernel hardness and moisture content 
on wheat breakage in the single kernel characterisation system', Innovative Food 
Science and Emerging Technologies, vol. 5, no. 1, pp. 119-25. 
Mwithiga, G & Sifuna, MM 2006, 'Effect of moisture content on the physical 
properties of three varieties of sorghum seeds', Journal of Food Engineering, vol. 75, 
no. 4, pp. 480-6. 
Nam, S, Yu, YH, Choi, I, Bang, CS & Lee, DG 2014, 'Fracture toughness improvement 
of polyurethane adhesive joints with chopped glass fibers at cryogenic temperatures', 
Composite Structures, vol. 107, pp. 522-7. 
Neale, MJ & Gee, M 2001, Guide to wear problems and testing for industry, St. 
Edmundsbury Press, Great Britain. 
Ngamnikom, P & Songsermpong, S 2011, 'The effects of freeze, dry, and wet grinding 
processes on rice flour properties and their energy consumption', Journal of Food 
Engineering, vol. 104, no. 4, pp. 632-8. 
Nir, I, Melcion, J & Picard, M 1990, 'Effect of particle size of sorghum grains on feed 
intake and performance of young broilers', Poultry Science, vol. 69, no. 12,  
pp. 2177-84. 
Park, JH & Jana, SC 2003, 'Mechanism of exfoliation of nanoclay particles in epoxy-
clay nanocomposites', Macromolecules, vol. 36, no. 8, pp. 2758-68. 
Pasikatan, M, Milliken, G, Steele, J, Haque, E & Spillman, C 2001a, 'Modeling the 
energy requirements of first-break grinding', Transactions of The American Society of 
Agricultural Engineers, vol. 44, no. 6, pp. 1737-44. 
Pasikatan, M, Milliken, G, Steele, J, Spillman, C & Haque, E 2001b, 'Modeling the 
size properties of first-break ground wheat', Transactions of The American Society of 
Agricultural Engineers, vol. 44, no. 6, pp. 1727-36. 
Pathumnakul, S, Ittiphalin, M, Piewthongngam, K & Rujikietkumjorn, S 2011, 'Should 
feed mills go beyond traditional least cost formulation?', Computers and Electronics 
in Agriculture, vol. 75, no. 2, pp. 243-9. 
Pavlidou, S & Papaspyrides, C 2008, 'A review on polymer–layered silicate 
nanocomposites', Progress in polymer science, vol. 33, no. 12, pp. 1119-98. 
Pihtili, H & Tosun, N 2002, 'Investigation of the wear behaviour of a glass-fibre-
reinforced composite and plain polyester resin', Composites Science and Technology, 
vol. 62, no. 3, pp. 367-70. 
Pomeranz, Y, Martin, C, Rousser, R & Brabec, D 1988, 'Wheat hardness determined 
by single kernel compression instrument with semiautomated feeder', Cereal 
Chemistry, vol. 65, no. 2, pp. 86-94. 
Ponce-García, N, Figueroa, J, López-Huape, G, Martínez, H & Martínez-Peniche, R 
2008, 'Study of viscoelastic properties of wheat kernels using compression load 
method', Cereal Chemistry, vol. 85, no. 5, pp. 667-72. 
132 
 
Posner, E 2003, 'Principles of Milling', in Encyclopedia of Food Science and Nutrition 
(Second Edition), Academic Press, Harcourt Brace Jovanovich Publishers, London, 
pp. 3980-6. 
Posner, ES & Hibbs, AN 2005, Wheat flour milling, American Association of Cereal 
Chemists, Inc, St Paul, USA. 
Prabhasankar, P & Rao, PH 2001, 'Effect of different milling methods on chemical 
composition of whole wheat flour', European Food Research and Technology,  
vol. 213, no. 6, pp. 465-9. 
Queensland Government 2011, Sorghum production in Queensland Broadacre field 
crops, Queensland  viewed 15 May 2011, <https://www.daf.qld.gov.au/plants/field-
crops-and-pastures/broadacre-field-crops/sorghum>. 
Ramakrishna, H, Priya, SP & Rai, S 2007, 'Flexural, compression, chemical resistance, 
and morphology studies on granite powder‐filled epoxy and acrylonitrile butadiene 
styrene‐toughened epoxy matrices', Journal of Applied Polymer Science, vol. 104,  
no. 1, pp. 171-7. 
Ray, SS & Okamoto, M 2003, 'Polymer/layered silicate nanocomposites: a review 
from preparation to processing', Progress in Polymer Science, vol. 28, no. 11,  
pp. 1539-641. 
Reid, RL 1990, A manual of Australian agriculture, Australian Institute of 
Agricultural Science , Macarthur Press, Australia  
Reuscher, D 2009, Particle size Reduction For Animal Feeds, USA, viewed 
01February2012,<http://www.ussoyexports.org/resources/library/feedtechnology.pdf
>. 
Richards, CJ & Hicks, B 2007, 'Processing of Corn and Sorghum for Feedlot Cattle', 
Veterinary Clinics of North America: Food Animal Practice, vol. 23, no. 2,  
pp. 207-21. 
Rodgers, NJ, Choct, M, Hetland, H, Sundby, F & Svihus, B 2012, 'Extent and method 
of grinding of sorghum prior to inclusion in complete pelleted broiler chicken diets 
affects broiler gut development and performance', Animal Feed Science and 
Technology, vol. 171, no. 1, pp. 60-7. 
Rooney, L 2003, Overview: sorghum and millet food research failures and successes, 
Food science faculty, cereal quality laboratory, soil and crop science department. 
Texas University, viewed 13 June 2013, 
<http://www.afripro.org.uk/papers/Paper09Rooney.pdf>. 
Rooney, W 2000, 'Genetics and cytogenetics', in CW Smith & RA Frederiksen (eds), 
Sorghum: Origin, History, Technology, and Production, John Wiley & Sons Inc, USA, 
vol. 2, p. 261. 
Sakugawa, H 2007, Elastomer-modified epoxy siloxane compositions, USA Patent, 
US7160962 B2. 
 
133 
 
Samanta, AK, Wang, L, Ng, KY & Heng, PWS 2014, 'Energy-based analysis of cone 
milling process for the comminution of roller compacted flakes', International Journal 
of Pharmaceutics, vol. 462, no. 1–2, pp. 108-14. 
Sancaktar, E & Kuznicki, J 2011, 'Nanocomposite adhesives: Mechanical behavior 
with nanoclay', International Journal of Adhesion and Adhesives, vol. 31, no. 5,  
pp. 286-300. 
Sapate, SG, Chopde, AD, Nimbalkar, PM & Chandrakar, DK 2008, 'Effect of 
microstructure on slurry abrasion response of En-31 steel', Materials and Design, vol. 
29, no. 3, pp. 613-21. 
SAS 2004, SAS/STAT 9.1 User’s Guide, SAS Campus Drive, Cary, North Carolina  
viewed12May2012,<https://support.sas.com/documentation/cdl/en/statug/63962/HT
ML/default/viewer.htm#introcat_toc.htm>. 
Shalwan, A & Yousif, BF 2014, 'Investigation on interfacial adhesion of date 
palm/epoxy using fragmentation technique', Materials and Design, vol. 53,  
pp. 928-37. 
Shi, X, Nguyen, TA, Suo, Z, Liu, Y & Avci, R 2009, 'Effect of nanoparticles on the 
anticorrosion and mechanical properties of epoxy coating', Surface and Coatings 
Technology, vol. 204, no. 3, pp. 237-45. 
Shipway, PH & Ngao, NK 2003, 'Microscale abrasive wear of polymeric materials', 
Wear, vol. 255, no. 1-6, pp. 742-50. 
Shokrieh, MM, Kefayati, AR & Chitsazzadeh, M 2012, 'Fabrication and mechanical 
properties of clay/epoxy nanocomposite and its polymer concrete', Materials and 
Design, vol. 40, pp. 443-52. 
Singh, P & Ghosh, AK 2014, 'Torsional, tensile and structural properties of 
acrylonitrile–butadiene–styrene clay nanocomposites', Materials and Design, vol. 55, 
pp. 137-45. 
Sinha, SK, Song, T, Wan, X & Tong, Y 2009, 'Scratch and normal hardness 
characteristics of polyamide 6/nano-clay composite', Wear, vol. 266, no. 7-8,  
pp. 814-21. 
Song, A 1989, 'Analysis of Grain Particle Separation.', Ph.D. thesis, Kansas State 
University, Manhattan, USA. 
Srinivasan, R, Hicks, KB, Wilson, J & Challa, RK 2012, 'Effect of Barley Roller 
Milling on Fractionation of Flour Using Sieving and Air Classification', Applied 
Engineering in Agriculture,, vol. 28, no. 2, pp. 225-30. 
Stachowiak, GW, Batchelor, AW & Stachowiak, G 2004, Experimental methods in 
tribology, Elsevier Science Netherland. 
Stark, C 2007, 'Feed manufacturing to lower feed cost', 2007 proceedings of the Leman 
Conference, North Carolina Cooperative Extension, 2007,North Carolina State 
University, .  
 
134 
 
Stark, C & Chewning, C 2012, 'The effect of sieve agitators and dispersing agent on 
the method of determining and expressing fineness of feed materials by sieving', 
Animal Production Science, vol. 52, no. 1, pp. 69-72. 
Stewart, ML & Slavin, JL 2009, 'Particle size and fraction of wheat bran influence 
short-chain fatty acid production in vitro', British Journal of Nutrition, vol. 102,  
no. 10, p. 1404. 
Sudhagar, M, Lope, GT & Shahab, S 2002, 'Grinding performance and physical 
properties of wheat and barley straws, corn stover and switchgrass', Biomass and 
Bioenergy, vol. 27, no. 4, pp. 339–52. 
Suresha, B, Chandramohan, G, Siddaramaiah, Samapthkumaran, P & Seetharamu, S 
2007, 'Three-body abrasive wear behaviour of carbon and glass fiber reinforced epoxy 
composites', Materials Science and Engineering, vol. 443, no. 1–2, pp. 285-91. 
Suresha, B, Siddaramaiah, Kishore, Seetharamu, S & Kumaran, PS 2009, 
'Investigations on the influence of graphite filler on dry sliding wear and abrasive wear 
behaviour of carbon fabric reinforced epoxy composites', Wear, vol. 267, no. 9-10,  
pp. 1405-14. 
Svihus, B, Kløvstad, KH, Perez, V, Zimonja, O, Sahlström, S, Schüller, RB, Jeksrud, 
WK & Prestløkken, E 2004, 'Physical and nutritional effects of pelleting of broiler 
chicken diets made from wheat ground to different coarsenesses by the use of roller 
mill and hammer mill', Animal Feed Science and Technology, vol. 117, no. 3–4,  
pp. 281-93. 
Taha, MR, Masia, M, Choi, K-K, Shrive, P & Shrive, N 2010, 'Creep effects in plain 
and fiber-reinforced polymer-strengthened reinforced concrete beams', ACI Structural 
Journal, vol. 107, no. 6, pp. 627-35. 
Valencia, D, Serrano, M, Lázaro, R, Jiménez-Moreno, E & Mateos, G 2009, 'Influence 
of micronization (fine grinding) of soya bean meal and full-fat soya bean on the ileal 
digestibility of amino acids for broilers', Animal Feed Science and Technology,  
vol. 150, no. 3-4, pp. 238-48. 
Varga, C, Miskolczi, N, Bartha, L & Lipóczi, G 2010, 'Improving the mechanical 
properties of glass-fibre-reinforced polyester composites by modification of fibre 
surface', Materials and Design, vol. 31, no. 1, pp. 185-93. 
Vendola, TA & Hancock, BC 2008, 'The effect of mill type on two dry-granulated 
placebo formulations', Pharmaceutical Technology, vol. 32, no. 11, pp. 72-86. 
Vietri, U, Guadagno, L, Raimondo, M, Vertuccio, L & Lafdi, K 2014, 'Nanofilled 
epoxy adhesive for structural aeronautic materials', Composites Part B: Engineering, 
vol. 61, pp. 73-83. 
Walker, CE & Eustace, WD 2004, 'Milling and baking, history', in W Colin (ed.), 
Encyclopedia of Grain Science, Elsevier, Oxford, pp. 268-75. 
Wang, G-T, Liu, H-Y, Yu, Z-Z & Mai, Y-W 2008, 'Evaluation of methods for stiffness 
predictions of polymer/clay nanocomposites', Journal of Reinforced Plastics and 
Composites. 
135 
 
Wang, L & Jeronimidis, G 2008, 'Investigation of the fracture mode for hard and soft 
wheat endosperm using the loading–unloading bending test', Journal of Cereal 
Science, vol. 48, no. 1, pp. 193-202. 
Wang, R, Koutinas, AA & Campbell, GM 2007, 'Dry processing of oats – Application 
of dry milling', Journal of Food Engineering, vol. 82, no. 4, pp. 559-67. 
Waniska, RD 2000, 'Structure, phenolic compounds, and antifungal proteins of 
sorghum caryopses', in 2000, Proceedings of an International Consultation, Technical 
and institutional options for sorghum grain mold management, Patancheru, India,  
pp. 72-106. 
Wetzel, B, Haupert, F & Qiu Zhang, M 2003, 'Epoxy nanocomposites with high 
mechanical and tribological performance', Composites Science and Technology, vol. 
63, no. 14, pp. 2055-67. 
Wetzel, B, Haupert, F, Friedrich, K, Zhang, MQ & Rong, MZ 2002, 'Impact and wear 
resistance of polymer nanocomposites at low filler content', Polymer Engineering and 
Science, vol. 42, no. 9, pp. 1919-27. 
Wiącek, J, Molenda, M, Horabik, J & Ooi, JY 2012, 'Influence of grain shape and 
intergranular friction on material behavior in uniaxial compression: Experimental and 
DEM modeling', Powder Technology, vol. 217, no. 0, pp. 435-42. 
Wolff, E 1958, 'The short high milling system', American Miller and Processor,  
vol. 86, no. 10, pp. 22-4. 
Wondra, K, Hancock, J, Behnke, K & Stark, C 1995, 'Effects of mill type and particle 
size uniformity on growth performance, nutrient digestibility, and stomach 
morphology in finishing pigs', Journal of Animal Science, vol. 73, no. 9, pp. 2564-73. 
Wood, KM, Salim, H, McEwen, PL, Mandell, IB, Miller, SP & Swanson, KC 2011, 
'The effect of corn or sorghum dried distillers grains plus solubles on growth 
performance and carcass characteristics of cross-bred beef steers', Animal Feed 
Science and Technology, vol. 165, no. 1–2, pp. 23-30. 
Yamaguchi, Y 1990, Tribology of plastic materials: their characteristics and 
applications to sliding components, Elsevier Science Publishers, Netherlands. 
Yasmin, A, Luo, JJ, Abot, JL & Daniel, IM 2006, 'Mechanical and thermal behavior 
of clay/epoxy nanocomposites', Composites Science and Technology, vol. 66, no. 14, 
pp. 2415-22. 
Yıldırım, A, Bayram, M & Öner, MD 2008a, 'Ternary milling of bulgur with four 
rollers', Journal of Food Engineering, vol. 84, no. 3, pp. 394-9. 
Yıldırım, A, Bayram, M & Öner, MD 2008b, 'Bulgur milling using a helical disc mill', 
Journal of Food Engineering, vol. 87, no. 4, pp. 564-70. 
Yousif, B & El-Tayeb, N 2008, 'High-stress three-body abrasive wear of treated and 
untreated oil palm fibre-reinforced polyester composites', Journal of Engineering 
Tribology, vol. 222, no. 5, pp. 637-46. 
 
136 
 
Yousif, BF 2013, 'Design of newly fabricated tribological machine for wear and 
frictional experiments under dry/wet condition', Materials and Design, vol. 48,  
pp. 2-13. 
Yousif, BF & El-Tayeb, NSM 2010, 'Wear characteristics of thermoset composite 
under high stress three-body abrasive', Tribology International, vol. 43, no. 12,  
pp. 2365-71. 
Yousif, BF, Nirmal, U & Wong, KJ 2010, 'Three-body abrasion on wear and frictional 
performance of treated betelnut fibre reinforced epoxy (T-BFRE) composite', 
Materials and Design, vol. 31, no. 9, pp. 4514-21. 
Yu, H & Brusewitz, G 1993, 'Milling effects on mustard seed physical properties', 
Transactions of The American Society of Agricultural and Biological Engineers,  
vol. 36, pp. 497-501. 
Zainuddin, S, Hosur, MV, Zhou, Y, Kumar, A & Jeelani, S 2009, 'Durability studies 
of montmorillonite clay filled epoxy composites under different environmental 
conditions', Materials Science and Engineering: A, vol. 507, no. 1–2, pp. 117-23. 
Zeng, Q, Yu, A, Lu, G & Paul, D 2005, 'Clay-based polymer nanocomposites: research 
and commercial development', Journal of Nanoscience and Nanotechnology, vol. 5, 
no. 10, pp. 1574-92. 
Zhai, L, Ling, G, Li, J & Wang, Y 2006, 'The effect of nanoparticles on the adhesion 
of epoxy adhesive', Materials Letters, vol. 60, no. 25–26, pp. 3031-3. 
Zhai, LL, Ling, GP & Wang, YW 2008, 'Effect of nano-Al2O3 on adhesion strength 
of epoxy adhesive and steel', International Journal of Adhesion and Adhesives,  
vol. 28, no. 1–2, pp. 23-8. 
Zhang, J & Xie, X 2011, 'Influence of addition of silica particles on reaction-induced 
phase separation and properties of epoxy/PEI blends', Composites Part B: 
Engineering, vol. 42, no. 8, pp. 2163-9. 
Zhao, L, Li, J, Guo, S & Du, Q 2006, 'Ultrasonic oscillations induced morphology and 
property development of polypropylene/montmorillonite nanocomposites', Polymer, 
vol. 47, no. 7, pp. 2460-9. 
Zhao, S, Schadler, LS, Duncan, R, Hillborg, H & Auletta, T 2008, 'Mechanisms 
leading to improved mechanical performance in nanoscale alumina filled epoxy', 
Composites Science and Technology, vol. 68, no. 14, pp. 2965-75. 
Ziggers, D 2001, 'Hammering or rolling the grain ', Feed technology, vol. 5, no. 7, 
pp. 9-12. 
Zulfli, NHM & Shyang, CW 2010, 'Flexural and morphological properties of 
epoxy/glass fibre/silane-treated organo montmorillonite composites', Journal of 
Physical Science, vol. 21, pp. 41-50. 
 
  
137 
 
A.  Appendix A:  Specification of laminating/ 
R246TX thixotropic  
KINETIX R246TX is a solvent free, thixotropic epoxy resin specifically formulated 
for use with H126, H128, H160, H161 and H162 hardeners to cure at room 
temperature, or low elevation temperature, and is suitable for fibre composite boat 
construction. The thixotropic nature of KINETIX R246TX reduces vertical drainage 
when high resin contents are employed in heavy laminates. The relatively low activity 
of KINETIX R246TX offers extended working times* which is another benefit for 
large laminating projects. 
*In comparison with R240 resin, R246TX mixed with associated hardeners, will 
produce significantly longer working times, typically in the order of 100%. 
Cured mechanical properties are excellent. Notably, the cured HDT (heat distortion 
test) with each hardener is raised some 5-10o C. Toughness is retained.  
MIX RATIO 25 parts hardener to 100 parts resin by weight Note: Care should be taken 
when dispensing and mixing. Do not attempt to control the cure time by altering the 
hardener ratio. Contact ATL Composites for specific information. 
 
 
UNCURED PROPERTIES 
 R246TX H126 
Super 
Fast 
H128  
Fast ** 
H160 
Medium 
H161 Slow H162 
Super 
Slow** 
Physical 
State 
Opaque 
liquid 
Clear pale 
brown 
liquid 
Clear pale 
yellow 
liquid 
Clear pale 
brown 
liquid 
Clear pale 
yellow 
liquid 
Clear pale 
yellow 
liquid 
Viscosity 
mPas@25o 
C 
900-1100 160 60 30 
 
25 20 
Specific 
Gravity 
g/ml@25o C 
1.10 0.99 0.95 0.95 0.94 0.93 
** Post cure required before handling or removal from mould / framework – H128 exhibits brittle behaviour, while H162 will 
exhibit plastic like properties prior to post cure. Care should be taken when removing peel-ply or secondary bonding prior to post-
cure.  
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CURE CHARACTERISTICS 
 H126 
Super 
Fast 
H128 
Fast** 
H160 
Medium 
H161 
Slow* 
H162 
Super 
Slow** 
Pot Life -100g @ 25ºC 40 mins  55 mins 120 mins 190 mins 300 mins 
Thin laminate open time* @ 
25ºC 
4 hrs 4hrs 
20mins 
8 hrs 45mins 9 hrs 
20mins 
10 hrs 
Demold time @ 25ºC 9hrs 
25mins 
9hrs 
35mins 
28 hrs 33hrs30mi
ns 
28 hrs 
Mix viscosity mPas @ 25ºC 460  400  300  260  240  
Shore D Hardness -1 day -2 
weeks 
73  
79 
68 
83 
59  
74 
74  
80 
68 
77 
HDT after 24 hours @ 25ºC 
2 weeks @ 25ºC 
+16hours @ 40ºC 
+16hours @ 50ºC 
+8hours @ 60ºC 
+8hours @ 80ºC 
+4hours @100ºC 
+3hours @120ºC 
 
 
47o C 
  
53o C 
65o C 
70o C 
79o C 
96o C 
97o C 
97o C 
50o C 
 
53o C 
61o C 
71o C 
80o C 
97o C 
97o C 
97o C 
 
38o C 
 
46o C 
53o C 
57o C 
63o C 
65o C 
65o C 
67o C 
 
42o C 
 
47o C  
57o C 
60o C 
62o C 
68o C 
71o C 
74o C 
 
44o C 
 
48o C 
58o C 
63o C 
65o C 
71o C 
73o C 
77o C 
Ultimate HDT 97o C  
 
98oC 68o C 75o C 77o C+ 
* Laminate - 2 layers of 400g biaxial @ 25ºC/ fibre fraction 50% 
MONITORING OF CURE: A laminator wishing to monitor progress of cure has a 
number of on-the-spot options open to him. Small test aliquots of mixed resin can be 
placed in waxed lids during lamination. These should be subjected to the same cure 
conditions as the actual laminate, and later compared with standard samples which are 
known to be fully cured.  
The samples should be flat on the bottom and approximately 2 to 3 mm thick. 
Allowance should be made for the possible effect of foam core insulating the curing 
resin, and reducing the cure of the inner layer. 
To meter the development of Heat Distortion Temperature (HDT) immerse the 
aliquots in a vessel of warming water and noting the temperature at which the resin 
becomes rubbery. Providing sample thickness is kept constant, this simple technique 
gives surprisingly reproducible results. 
CAUTION: When cured these resins, like all plastics, undergo a transition to a 
rubbery state when heated above their HDT. Operators should be constantly aware that 
a partly cured resin will not have developed full HDT, and that components should not 
be heated above this temperature when they are not supported by vacuum and a mould. 
Be aware, for example, that heating will cause a considerable build-up of pressure in 
gases in a low density core, and this will always tend to lift a laminate.  
Care should also be taken to avoid heating unsupported laminates above the HDT of 
bonding resins and foam cores. 
CALCULATING RESIN/HARDENER FOR A FIBREGLASS LAMINATE 
As a rough rule for the amount of resin/hardener required to achieve proper wetting 
out and consolidation of a laminate, use a 1:1 ratio of fibreglass weight per m2 to 
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resin/hardener weight, plus wastage. e.g. 1m2 of 600grm biaxial E-fibreglass will 
require 600grms of mixed resin and hardener + a 10% wastage factor 
PACK SIZES 
Order Code  Order Code  PACK 
Resin  Hardener   
 4 kg HC 126 1 kg 5 kg 
  HC 128 1 kg  
  HC 160 1 kg  
  HC 161* 1 kg  
  HC 162 1 kg  
RD 246TX 18 kg HD 126 4.5 kg 22.5 kg 
  HD 128 4.5 kg  
  HD 160 4.5 kg  
  HD 161* 4.5 kg  
  HD 162 4.5 kg  
RF 246TX 192 kg HF 126 48 kg 240 kg 
  HF 128 48 kg  
  HF 160 48 kg  
  HF 161* 48 kg  
  HF 162 48 kg  
     
* H161 is a Made to Order product and a minimum purchase quantity is applicable  
STORAGE: KINETIX R246TX resin and associated hardeners will keep for 2 years 
if kept in original containers at room temperature (15o C to 32o C), and out of direct 
sunlight. Containers should be tightly sealed to prevent moisture absorption. 
HEALTH & SAFETY: KINETIX R246TX resin and associated hardeners have 
moderate sensitising potential, and should be kept out of the eyes and off the skin.  
• Use with good ventilation and adequate safety equipment including impervious 
gloves and safety glasses. 
• If skin contact occurs, remove contaminated clothing immediately, and wash the 
affected area thoroughly with ATL’s 845 hand cleaner and water, avoiding the use of 
solvents except in the case of massive contamination.  
•If eye contact occurs, immediately flush with running water for at least 15 (fifteen) 
minutes and seek medical advice. 
• If swallowed:  
Resins - DO NOT induce vomiting, and contact a doctor or the Poisons Information 
Centre.  
Hardeners - DO NOT induce vomiting, give plenty of milk or water and contact a 
doctor or the Poisons Information Centre. 
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B. Appendix B:  Closite® 30B, Typical Physical 
properties bulletin 
Description: Closite® 30B is a natural montmorillonite modified with a quaternary 
ammonium salt. 
Designed used: Closite® 30B is an additive for plastics to improve various plastic 
physical properties, such as reinforcement, HDT, CLTE and barrier. 
Typical properties:  
Treatment/Properties: 
Organic 
Modifier (1) 
Modifier 
Concentration 
% Moisture 
% Weight 
Loss on 
Ignition 
Closite® 30B 
 
MT2EtOH 90meq/100g clay <2% 30% 
 
     CH2CH2OH 
 
CH3 — N+ T 
   
   CH2CH2OH 
 
Where T is Tallow (65% C18; 30% C16; 5% C14) 
Anion: Chloride 
(1) MT2EtOH: methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium   
Typical dry particle size: (microns, by volume) 
10% less than : 50% less than : 90% less than : 
2µm 6 µm 13 µm 
Colour: off white 
Density: 
Loose Bulk, Ibs /ft3 Packed bulk, Ibs/ft3 Density, g/cc 
14.25 22.71 1.98 
 X Ray Results: d001=18.5A 
NANOVATION,2011, 
http://www.neunano.com/index.php?option=com_content&view=article&id=72&Ite
mid=83. 
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C. Appendix C: Specification of roller milling 
machine (Landworker MM400) 
 
Model number: MM400 
Power : 240Volt Ac 
Mill rollers :  75 diameter deep grooved hardened steel  
Drive pulleys : Motor -1A 21/2” 
Drive belt : A7 vee belt 
Bearings: Drive roller 2×UCFL205 
 Idler roller 2×6205zz 
Hopper capacity:  0.03m3 (30 litre) 
Hopper height: 1170 mm 
Shipping weight: 78kg 
Slide gate opening: 70×40 mm 
Optional out-feed 
auger: 
100 diameter 
Auger drive pulleys : Auger-1A 6” 
 Mill -1A 21/2” 
Auger bearing: UBPP204 
Auger drive belt: 11A 1130 vee belt 
Auger discharge height: 1430 mm 
 
 
This mill has been designed and sold by landworker international , and 
manufactured by Matsons engineering and spring works  
40 Kenilworth street, Warwick QLD 4370 
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D. Appendix D:  Anova tables of feedstock and 
milling performance 
 
A=Roller types (3 levels)  
A1=Uncoated rollers 
A2=Coated rollers with 0wt% nano-clay epoxy composite  
A3=Coated rollers with 2wt% nano-clay epoxy composite  
 
B=Roller speed (3 levels) 
B1=980 rpm 
B2=777rpm 
B3=533rpm 
 
C=Roll gaps (5 levels) 
C1=075-0.65mm 
C2=0.65-0.55mm 
C3=0.55-0.45mm 
C4=0.45-0.35mm 
C5=0.35-0.25mm 
 
Table D-1: ANOVA of geometric mean diameter of milled sorghum using Completely Randomized Design  
Source DF Anova SS F Value Pr>F 
A                      2 186482.3 762.19 <0.0001 
B  2 1828288.7 7472.57 <0.0001 
C 4 1326785.7 2711.41 <0.0001 
A*B                       4 2453.0 5.01 <0.0011 
A*C                       8 8303.4 8.48 <0.0001 
B*C                       8 17212.8 17.59 <0.0001 
A*B*C                     16 438.5 0.22 0.9992 
A=Roller types  
B=Roller speed 
C=Roll gaps 
 
Table D-2: ANOVA of Specific surface area increase of milled sorghum using Completely Randomized 
Design  
Source DF Anova SS F Value Pr>F 
A 2 125115.1 930.74 <0.0001 
B 2 270827.6 2014.70 <0.0001 
C 4 150043.6 558.09 <0.0001 
A*B 4 36151.9 134.47 <0.0001 
A*C 8 8274.4 15.39 <0.0001 
B*C 8 35693.6 66.38 <0.0001 
A*B*C 16 5945.1 5.53 <0.0001 
A=Roller types 
B=Roller speed 
C=Roll gaps 
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Table D-3: ANOVA of number of particles per samples of milled sorghum using Completely Randomized 
Design  
Source DF Anova SS F Value Pr>F 
A 2 4076438.6 1076.15 <0.0001 
B 2 10720877.2 2830.23 <0.0001 
C 4 7415863.3 978.86 <0.0001 
A*B 4 1212182.5 160.00 <0.0001 
A*C 8 276263.6 18.23 <0.0001 
B*C 8 1797092.3 118.60 <0.0001 
A*B*C 16 173406.2 5.72 <0.0001 
A=Roller types  
B=Roller speed 
C=Roll gaps 
 
Table D-4: ANOVA of geometric standard deviation of milled sorghum using Completely Randomized 
Design  
Source DF Anova SS F Value Pr>F 
A 2 0.7 599.42 <0.0001 
B 2 0.5 476.36 <0.0001 
C 4 0.1 30.12 <0.0001 
A*B 4 0.2 85.37 <0.0001 
A*C 8 0.2 52.13 <0.0001 
B*C 8 0.1 17.89 <0.0001 
A*B*C 16 0.1 10.14 <0.0001 
A=Roller types  
B=Roller speed 
C=Roll gaps 
 
Table D-5: ANOVA of bulk density of milled sorghum using Completely Randomized Design  
Source DF Anova SS F Value Pr>F 
A 2 13979.25926 558.01 <0.0001 
B 2 5595.57037 223.36 <0.0001 
C 4 66383.48148 1324.92 <0.0001 
A*B 4 244.74074 4.88 0.0013 
A*C 8 1246.29630 12.44 <0.0001 
B*C 8 1631.54074 16.28 <0.0001 
A*B*C 16 100.81481 0.50 0.9396 
A=Roller types  
B=Roller speed 
C=Roll gaps 
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Table D-6: ANOVA of power consumption of milled sorghum using Completely Randomized Design  
Source DF Anova SS F Value Pr>F 
A 2 15.8 441.45 <0.0001 
B 2 78.1 2188.71 <0.0001 
C 4 179.4 2513.35 <0.0001 
A*B 4 1.7 23.78 <0.0001 
A*C 8 5.8 40.76 <0.0001 
B*C 8 16.14 113.05 <0.0001 
A*B*C 16 0.7 2.57 0.0026 
A=Roller types  
B=Roller speed 
C=Roll gaps 
 
Table D-7: ANOVA of production rate of milled sorghum using Completely Randomized Design  
Source DF Anova SS F Value Pr>F 
A 2 2902.5 17.51 <0.0001 
B 2 328478.0 1981.38 <0.0001 
C 4 573200.6 1728.8 <0.0001 
A*B 4 70.4 0.21 0.9309 
A*C 8 123.4 0.19 0.9923 
B*C 8 16917.2 25.51 <0.0001 
A*B*C 16 23.0 0.02 1.0000 
A=Roller types  
B=Roller speed 
C=Roll gaps 
 
